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Abstract
Light Induced Chemical Vapour Deposition (LICVD) of titanium dioxide thin films is studied
in this work. It is shown that this technique enables to deposit locally and selectively a chosen
crystalline phase with a precise controlled thickness at low substrate temperature, allowing even
the use of polymer substrates. 
 
A home made LICVD reactor was set up, consisting of a main chamber in which the substrate
was placed on a temperature controlled plate and could be irradiated perpendicularly through a
window by a 250 ns long pulse XeCl excimer laser (308 nm) with a controlled fluence (energy
per surface area per pulse). A liquid precursor (titanium tetra-isopropoxide) was brought by an
oxygen carrier gas flow in the chamber and a nitrogen flow was added to prevent deposition on
the window. The total pressure in the chamber was maintained at 10 mbar. Projection of a mask
image on the substrate was realized. 
Titanium dioxide films could be deposited locally by this technique with a thickness ranging
from few nanometers to several micrometers. Deposits were realized at substrate temperatures
as low as room temperature and with fluences between 1 and 400 mJ/cm2. The deposited films
were characterized by profilometry, Atomic Force Microscopy, optical microscopy, Scanning
Electron Microscopy, Transmission Electron Microscopy, X-ray diffraction, Raman spectros-
copy, X-ray Photoelectron Spectroscopy, UV-vis spectroscopy and ellipsometry. 
A detailed and systematic study of the influence of some selected process parameters (substrate
temperature and irradiation dose principally) on the deposition rate and material properties was
realized on glass and silicon substrates. 
An empirical equation of the growth rate as a function of the different experimental parameters
was derived and was tested successfully to obtain a precise control of the deposited thickness (a
precision better than 10 nm was demonstrated for films below 300 nm), with growth rates up to
300 nm/min. From this equation, a deposition mechanism involving both a photolytic reaction
and a thermal contribution of the substrate temperature was proposed. 
The deposited material was shown to consist of TiO2 with a possible very low additional carbon
contamination. 
Depending on the deposition conditions, amorphous, anatase or rutile material was deposited.
One parameter explaining the variation of the crystalline state of the material was the variation
of the laser induced temperature rise which was simulated theoretically in parallel. Surface tem-
perature rises in the order of several hundreds of degrees were calculated during the laser pulse,
varying with the substrate, the fluence and the film thickness. 
The optical properties of the deposited material vary in a correlated way with the crystalline
state of the material, and high indexes of refraction (up to 2.6 at 633 nm) were measured. 
Selective deposition in the irradiated area was studied. Provided substrate temperature was kept
below 150°C, no thermal deposition was observed, and deposits were strictly located in the ir-
radiated area. The edge resolution (around 10 micrometers) was demonstrated to be due to the
optical aberrations of the mask projection set up. No effect of substrate temperature and irradi-
ation conditions on the resolution could be evidenced, but resolution decreased with increasing
deposited thickness due to optical effects.   
Thanks to the low substrate temperature required for the deposition process, deposition on ther-
mo-fragile substrates (such as polymers, in particular PMMA) was demonstrated. However, in
the case of polymer substrates, the fluence had to be kept below 15 mJ/cm2 not to damage or
ablate the polymers, resulting in very low growth rates (in the order of 10-3 nm/pulse). In these
conditions, only amorphous films with about 10% of carbon contamination could be obtained.
Additionally, films were shown to crack above a certain deposited thickness, which is attributed
to thermal effects. As a matter of fact, calculations showed a high temperature rise up to 70°C
of the polymer/oxide interface. 
Deposition on polymers coated with transparent conductive oxide was also demonstrated. 
Résumé
Le dépôt chimique assisté en phase vapeur induit par la lumière (LICVD) de couches minces de
dioxyde de titane est étudié dans ce travail. Il est démontré que cette technique permet de réali-
ser des dépôts localisés, d’induire sélectivement une phase cristalline, et de contrôler précisé-
ment l’épaisseur déposée en utilisant de basses températures de substrat, permettant même ainsi
l’utilisation de substrats polymères. 
Un réacteur LICVD a été monté, comprenant une enceinte principale dans laquelle est placé le
substrat sur une plaque dont la température est contrôlée. Le substrat peut être irradié en inci-
dence normale au travers d’une fenêtre par un laser excimère XeCl (308 nm) ayant une longue
durée de pulse (250 ns) et en choisissant la fluence (énergie par unité de surface par pulse). Un
précurseur liquide (le tétra-isopropoxyde de titane) est amené dans le réacteur par un flux d’oxy-
gène et un flux d’azote est ajouté pour éviter un dépôt sur la fenêtre. La pression totale dans le
réacteur est maintenue à 10 mbar. Un système de projection de l’image d’un masque sur le subs-
trat est utilisé. 
Des films de dioxyde de titane ayant des épaisseurs de quelques nanomètres à quelques micro-
mètres sont obtenus localement par cette technique à des températures de substrats inférieures
à 210°C et avec des fluences entre 1 et 400 mJ/cm2. Les films déposés sont caractérisés par pro-
filométrie, microscope à force atomique (AFM), microscopie optique, microscopie électronique
à balayage (SEM) et en transmission (TEM), diffraction de rayons X (XRD), spectroscopie Ra-
man, spectroscopie électronique pour analyse chimique (XPS), spectroscopie UV-Vis et ellip-
sométrie. 
Une étude détaillée et systématique de l’influence de certains paramètres expérimentaux (tem-
pérature du substrat et dose d’irradiation principalement) sur la vitesse de croissance et les pro-
priétés du matériau a été conduite sur des substrats en verre et en silicium. 
Une équation empirique déterminant la vitesse de croissance en fonction des paramètres expé-
rimentaux a été mise en évidence et il a été démontré qu’elle permettait de contrôler précisément
l’épaisseur déposée (une précision supérieure à 10 nm sur des films de 300 nm a été démontrée),
avec des taux de croissance jusqu’à 300 nm/min. Un mécanisme de déposition est proposé à par-
tir de cette équation, comprenant une réaction photolytique et une composante thermique liée à
la température du substrat. 
La composition chimique du matériau déposé a été mesurée être TiO2, avec éventuellement une
très faible contamination carbonée. 
En fonction des conditions de dépôts, une phase amorphe, ou cristallisée anatase ou rutile est
déposée. Un paramètre expliquant la variation de l’état cristallin est la variation de l’élévation
de température induite par l’irradiation laser qui a été simulée théoriquement en parallèle. Des
élévations de la température de surface de plusieurs centaines de degrés sont calculées pendant
le pulse laser, variant avec le substrat, la fluence et l’épaisseur du film. 
Les propriétés optiques du matériau déposé sont corrélées avec la cristallinité du matériau, et de
hauts indices de réfraction (jusqu’à 2.6 à 633 nm) ont été mesurés. 
La possibilité de réaliser un dépôt sélectivement dans la zone irradiée a été étudiée. Si la tem-
pérature du substrat n’excède pas 150°C, aucun dépôt thermique n’est observé, et les dépôts
sont localisés rigoureusement dans la zone irradiée. La définition des bords (de l’ordre de 10
micromètres) est limitée par les aberrations optiques du système de projection de masque.
Aucun effet de la température ou des conditions d’irradiation sur la résolution n’a pu être mis
en évidence, mais la résolution diminue avec l’épaisseur déposée à cause d’effets optiques. 
Etant donné les faibles températures de substrat imposées par le procédé, le dépôt sur des subs-
trats thermosensibles (comme les polymères, en particulier le PMMA) est étudié. Dans le cas
de substrats polymères, la fluence doit être maintenue basse (moins que 15 mJ/cm2) pour ne pas
dégrader ou ablater le polymère, ce qui a pour conséquence des taux de croissance très faibles
(de l’ordre de 10-3 nm/pulse). Dans ces conditions, un matériau amorphe avec une contamina-
tion carbonée de l’ordre de 10% est obtenu. De plus, des craquelures apparaissent dans les films
au delà d’une certaine épaisseur, ce qui est attribué à un effet thermique. En effet, des calculs
montrent une haute élévation de la température de l’interface polymère/oxyde jusqu’à 70°C. 
Le dépôt sur des polymères couverts une couche d’oxyde conducteur transparent a aussi été dé-
montré. 
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I - Introduction, state of the artChapter I  Introduction, state of the art
Titanium dioxide thin films are widely investigated for a broad range of applications.
Physical and chemical properties are tunable, depending on the deposition technique
used and on the chosen process parameters. Among all techniques, Chemical Vapour
Deposition (CVD) has attracted a lot of interest, as a versatile method of deposition.
This work focuses on Light Induced Chemical Vapour Deposition (LICVD) of titanium
dioxide thin films, with aimed advantages of localised deposition and low temperature
deposition (to possibly use thermo-fragile substrates). In this chapter, the properties of
titanium dioxide material are reviewed and related to applications. A general overview
of used deposition techniques for titanium dioxide is given, with emphasis on CVD tech-
niques. State of the art of LICVD is described. 
The aim of this chapter is first to give an overview of the research field and to expose the prob-
lematic and aims of this work. Chapter I-1 gives an idea of the importance and interest of the
work carried out in general on TiO2 material. Basic definitions of CVD is presented in Chapter
I-2. Chapter I-3 focuses more precisely on LICVD. Finally, based on all the presented literature
data, the motivation of this work is discussed, introducing the content of this PhD dissertation. 
1  Titanium dioxide: material properties, deposition techniques and applications
Titanium dioxide is a fascinating material, with a very broad range of different possible proper-
ties, which leads to its use in applications as different as toothpaste additive, sun-glasses coat-
ing, microelectronic layers, non-wetting coatings, de-polluting agent, solar cell anodes, etc.... In
this paragraph, general properties of TiO2 are given, as well as a review of main thin film dep-
osition techniques and principal applications. 
1-1  Where is TiO2 found: under which forms TiO2 is synthesized and used?
TiO2 is a material of industrial importance in many areas, where it is used under different forms,
mainly powders and thin films.   
1-1-1  Pigments, natural materials, powders
The most important industrial function of titanium dioxide nowadays is certainly its use as a pig-
ment to provide brightness, whiteness and opacity to a very large number of products, including
paints and coatings, plastics, ceramics, paper, inks, textile fibres, cosmetics, pharmaceuticals,
food, etc.... The main reason for TiO2 to be used for this application is its high index of refrac-
tion which leads to efficient light scattering. Titanium dioxide pigments are produced in two
forms (anatase and rutile, see Chapter I-), from ilmenite (iron containing oxide, FeO TiO2) and
rutile sand, by the old “sulphate process” or the more recent “chloride process” [1]. World wide
annual capacity is 3 million metric tons [2]. 
1-1-2  Titanium dioxide thin films
Due to its interesting physical and chemical properties (such as chemical stability, optical prop-
erties, photo-sensitivity, dielectric properties, see Table I-1), titanium dioxide is also widely
processed as thin films for a broad range of applications. The properties of titanium dioxide lay-
ers highly depend on their stoechiometry, crystalline state, morphology... which depend on the
deposition technique and process parameters, as summed up schematically in Figure I-1.1
In the rest of this paragraph, the different “boxes” of Figure I-1 will be successively discussed. 
1-2  Basic considerations on TiO2: important film properties 
Titanium dioxide is one of the oxidised form of titanium and exists under different crystalline
phases: the aim of this paragraph is to present very generally the basics about the structure of
this material, and to highlight the importance of stoechiometry, crystalline state and morpholo-
gy for the material properties.
1-2-1  Titanium-Oxygen chemical phase diagram: importance of stoechiometry
The titanium oxygen system [3-5] exhibits several oxide forms (see Figure I-2). Increasing the
oxygen content,  TiO, Ti2O3, Ti3O5, Ti4O7 (and all Magnéli phases TinO2n-1 forms, with n rang-
ing from 4 to 9) are successively found, until titanium dioxide (TiO2) which is the totally oxi-
dized material. Each of these oxide forms exists around a small range of O/Ti ratio. For instance,
the TiO2 structure exists in the range of oxygen content TiO2-x with x between 0 and 0.017 [4,5].
The sub-oxides of TiO2 do not exhibit the same properties as TiO2, which evidences the impor-
tance of the stoechiometry when depositing titanium oxide material.
 
Figure I-1  Links between deposition techniques, film properties and applications.
Deposition technique,
Processing parameters: 
- physical vapor deposition techniques
- chemical vapor deposition techniques
- liquid phase deposition techniques
Film characteristics: 
- crystalline state
- chemical composition
- density/porosity
- thickness/rougness
- microstructure
Layer properties: 
- optical properties 
- photo-activity, band gap
- electric and dielectric properties
- specific surface area
- chemical stability
- mechanical properties
Applications: 
- optical coatings
- protective coatings
- photo-catalysis
- microelectronics
- gas sensors
- bio-compatible layers
DETERMINES                                       REQUIRES2
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Stoechiometric TiO2material is polymorphous. Three different crystalline phases exist at atmos-
pheric pressure: rutile, anatase and brookite ([6], see Figure I-3-A). In all these three poly-
morphs, titanium is in octahedral coordination with O, as TiO6 units [7]. 
Rutile and anatase are two tetragonal non isomorphous phases. The structures can be described
as chains of distorted TiO6 octahedra, differing by the number of neighbouring octahedra in the
structure: 8 in anatase and 10 in rutile. In rutile, each TiO6 octahedron shares two opposite edges
forming chains of octahedra (Figure I-3-B-a), chains being connected together through corners
common to three octahedra. In anatase, each octahedron shares 4 edges with its neighbours (Fig-
ure I-3-B-b) [8]. 
Rutile is the thermodynamically stable phase at all temperatures, anatase is a metastable form
but its conversion to rutile is extremely slow, as shown by its occurrence in nature. The conver-
sion of anatase to rutile is obtained by heating above 700°C to 1100°C (by cooling down, the
reverse conversion does not take place due to a high activation energy barrier). 
Both anatase and rutile are non isotropic crystals. As a consequence, crystallographic orienta-
tion influences measurements of physical properties, such as dielectric constant (r), refractive
index (n), etc....: two values are reported for such properties, depending in which crystallo-
graphic direction they are measured.
Brookite is an orthorombic crystalline phase, much rarer than anatase and rutile and which has
until now, very limited applications. Its structure is also based on distorted TiO6 octahedra
linked in a complex structure [8]. 
Figure I-2  Phase diagram of the Ti-O system (from [3]).3
Amorphous materials with TiO2 stoechiometry can also be synthesized. Amorphous material
means there is no long range crystallographic order, and that physical properties are somehow
different from the crystalline phases [9]. Titania films grown at low temperatures (below 400°C)
by diverse methods usually exhibit the presence of an amorphous phase, alone or mixed with an
anatase and/or rutile phase, due to possible bond flexibility and similar free energy of formation
[7]. 
The crystalline state of the material is an important parameter of the material characterization,
as many of the interesting properties depend on the crystalline state. Table I-1 lists some of them
found in literature for the three crystalline states of TiO2. 
Some of these properties are worth being highlighted due to their importance for TiO2 thin film
applications. From these data, it appears clearly that between anatase and rutile (the two most
commonly found and used phases of TiO2), one of the two form is very often more interesting
than the other one. For example: 
- TiO2 has a high index of refraction (n > 2.4) which is very interesting for optical applications.
In this case, rutile is more interesting than anatase. 
- TiO2 has a high dielectric constant (r> 45), which makes it a good material candidate for mi-
croelectronics applications. In this case, rutile is as well more interesting than anatase. 
- TiO2 is a wide band gap semi-conductor material, which makes its use possible as a photo-
catalyst or photo-electrode. In this case, anatase is the most interesting form.
   
A) B)
Figure I-3  Different crystalline phases of TiO2 [6]: A) a) rutile, b) anatase and c) brookite, B)
Octahedra arrangement in a) rutile and b) anatase structures. 4
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Moreover, as it will be discussed later on, the material properties, generally quoted in reference
books for dense and totally crystalline materials, are also largely dependant on the material mor-
phology, which in most cases differ from this ideal case. Parameters such as density, porosity
and grain sizes are determining for some applications. 
As an example, nanocrystalline mesoporous anatase films exhibit the best morphology for
Gräzel’s solar cell application [18].
1-3  A large number of deposition techniques 
A large variety of thin film deposition techniques exist, and have been used to deposit titanium
dioxide thin films.
A good review of the principles of these different methods can be found either in [19] or in [20]. 
Thin film deposition techniques can be basically classified in different groups: 
- Gas phase deposition techniques, which divide into:
- Physical methods (PVD): 
- Evaporation techniques: a source material is sublimated in vacuum, transported to the
substrate where it condenses as a solid thin film. Different variants exist (conventional
evaporation, electron induced evaporation, Pulsed Laser Deposition (PLD), reactive
evaporation and Molecular Beam Epitaxy (MBE)). 
Property Anatase Rutile Brookite
Band gap (eV) 3.3 [10]
3.18 [11]
3.1 [10]
direct: 3.0 
indirect: 3.3 [12]
Dielectric constant 48 [13] 114 [13]
110-117 [14]
78 [15]
Refractive index n

=2.5612
n

=2.4880 [15]
n

=2.6124
n

=2.8993 [15]
at 600 nm: [12]
n

=2.6034
n

=2.8900
Dispersion with 
between 430 and
1500 nm [16]: 
 
n=2.5831
n=2.5843
n=2.7003 [15]
Hardness (Mohs) 5.5-6 [17] 7.0-7.5 [17] 5.5-6.0 [17]
Electric resistivity 
(cm)
1019 [14]
Table I-1  Titanium dioxide properties for anatase, rutile and brookite
n2 5.913
0.2441

2 0.0803–
---------------------------+=
n

2 7.197 0.3322

2 0.0843–
---------------------------+=5
- Sputtering techniques: sputtering is an etching process, consisting in the ejection of
surface atoms from a source material electrode by momentum transfer from bombard-
ing particles. Different variants of the technique also exist (diode sputtering, reactive
sputtering, bias sputtering (ion plating), magnetron sputtering, reactive ion plating). 
- Chemical methods: 
- Chemical vapour deposition (all the different variant of this technique are reviewed in
Chapter I-2-1). 
- Atomic layer epitaxy (ALE) or atomic layer deposition (ALD): films are grown via a
series of consequitive self saturating chemisorption reactions, alternating different re-
active flows. ALE can provide accurate thickness control and uniform growth other
large area and deposition of very thin films, but the deposition rates are low. 
- Chemical beam epitaxy (CBE): CBE is a CVD variant under UHV conditions, using
molecular beams. 
- Spray pyrolysis: a fine mist of a precursor solution is directed to a heated substrate
where the reaction takes place. 
- Liquid phase deposition techniques: 
- Sol gel methods: a succession of hydrolysis condensation reactions of a precursor solution
leads to a gel material, which is dried and normally annealed at high temperatures (above
400°C). 
- Electrochemical anodization of titanium and electrochemical techniques [21]
The nature of the deposition technique largely influences the properties of the deposited films,
b which must be adapted for a given application (as sketched schematically for titanium dioxide
in Figure I-1). Techniques differ to a large degree in their physical or chemical principles of op-
eration and in equipment requirements. Each of them has been developed because of a unique
advantage over others, but also offers some limitations. It is therefore very important to be
aware of all the advantages and restrictions of a technique. This is one aim of the present work
for LICVD of titanium dioxide. 
1-4  Applications of TiO2 thin films
As already mentioned, TiO2 thin films are synthesized for a broad range of different applica-
tions, which are summarized below. 
1-4-1  Optical coatings
Due to its high index of refraction, TiO2 has been used for optical applications for more than 50
years [22]. In particular, it is used as the high index of refraction material in multi-layer inter-
ference filters, as anti reflection coatings and as optical wave guides [23]. For many of these
applications, the mechanical and resistive properties of the layers are important in addition to
the optical properties [24]. 
1-4-2  Microelectronics
In electric devices, the scaling down tendency leads to a decrease of the thickness of the gate
oxide, which means that for the actually used SiO2 layer, this thickness tends to atomic dimen-
sions. Therefore, other materials are looked at with a higher dielectric constant such that a sim-
ilar effective capacitance could be obtained with a thicker layer. 
TiO2 is one of the promising materials (with Ta2O5 and the ternary titanate materials) for this
application, due to its high dielectric constant [23,25].6
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Titania films are known to have sensing properties based on surface interactions of reducing or
oxidizing species, which affect the conductivity of the film. Nano-crystalline material was in
particular proven to exhibit a very high sensitivity. 
Therefore, nano-grain TiO2 thin films are used as gas sensors, for different types of gases (O2
[26], CO [27,28] NO2 [29], etc....)
1-4-4  Photo catalysis
Fujishima et al. [30] were the first ones to evidence in 1972 the formation of electron/hole pairs
in TiO2 under UV illumination, which was the beginning of a new era in heterogeneous photo
catalysis [10]. The process involves the release of an electron which leaves positively charged
holes on the surface, giving a super-oxidant character to the surface. 
TiO2 under UV-irradiation is presently widely used as a photo catalyst for different applica-
tions: 
- Water de-pollution: to realize complete mineralization of organic contamination [31-33]. Ad-
ditionally to standard TiO2 materials, TiO2 nanotubes are presented as promising possibilities
[34].
- Air de-odourization
- NOx decomposition [35]
- Anti-bacteria treatment
1-4-5  Hydrophilic and self-cleaning surfaces
Under UV irradiation, TiO2 exhibits super-hydrophilicity, due to the reduction at the surface of
Ti(IV) into Ti3+ correlated with the formation of oxygen vacancies by the oxidation of the bridg-
ing O2- species into oxygen [36]. The production of these surface oxygen vacancies lead to pref-
erential adsorption of water [37]. This process reverses in the dark, but usually slowly, and
sunlight irradiation is sufficient to maintain the hydrophilicity [38].
This property is used to generate self-cleaning surfaces, as contaminants can be removed just
by rain [38,39]. 
1-4-6  Solar cells
TiO2 layers are used as photo-anodes in Grätzel’s type solar cells (operated with a liquid phase,
(see Chapter VI-1-4) or in a solid state device [40]).   
Additionally, TiO2 films are used as passivation layers on silicon solar cells [41]. 
1-4-7  Bio-compatible protective layers
Due to their relatively high corrosion resistance and good bio-compatibility, titanium and its al-
loys are commonly used for biomedical and dental implants. These beneficial properties are be-
lieved to be due to the formation of a native protective passive oxide layer. However, there is
evidence that this natural layer does not prevent release from titanium in vivo, and therefore,
studies have been devoted to deposition of denser, thicker and less oxygen deficient layers to
improve the bio-compatibility [42]. 
Additionally, TiO2 was claimed to present a good blood compatibility [43].
1-4-8  Protective and anti-corrosion coatings
Due to its hardness, TiO2 is used as a protective layer on gold and precious metals [44].
1-4-9  Membranes
TiO2 coatings are used as membrane materials, with different porosities for different applica-
tions. 
- Mesoporous membranes are used for ultra filtration or as supports for other membranes
- Micro-porous layers are prepared for nano filtration of liquids [45,46]7
- Ultra-microporous or dense layers are realized for gas permselective membranes [47]
Additionally, the photo catalytic properties of TiO2 can be used in photo catalytic membrane
reactors [48]. 
1-4-10  As a component of ternary materials
Additionally, titanium dioxide is an important base for all the titanates materials. For instance,
(Ba, Sr) TiO3 which may become important for new generation dynamic random access mem-
ories. 
2  CVD techniques
The aim of this paragraph is to give a brief overview of the CVD deposition techniques.
2-1  General definition and classification of the different CVD techniques
Chemical Vapour Deposition (CVD) is the growth of a thin film via the chemical reaction of a
precursor molecule from the gas phase (see Figure I-4). The precursor molecule contains atoms
from the material to deposit and a reactive gas can be added. Most chemical reactions used have
an activation energy associated with them (either a thermodynamic or kinetic activation energy
barrier). Therefore, an energy input in the system is necessary to activate the deposition reac-
tion. 
Different variants of the techniques exist, and classification of these techniques depend on dif-
ferent parameters: 
- Nature of the energy input to activate the chemical reaction (see Chapter I-2-1-1)
- Pressure range at which the CVD process is realized (see Chapter I-2-1-2)
- Chemical nature of the precursor (see Chapter I-2-1-3).
2-1-1  Different energy sources
 The different CVD techniques differ by the nature of the energy input: 
- In conventional CVD, the energy input is thermal energy to the substrate. Substrates are usu-
ally heated at temperatures between 200 and 1500°C. Thermal CVD enables to obtain homo-
geneous films, but due to the high substrate temperatures required, thermo-fragile substrates
cannot be used and stress and diffusion between layers may occur. Thermal CVD is nonethe-
less a standard technique of deposition extensively used industrially. Anyway, to overcome
the drawbacks due to the high temperatures required, CVD with other sort of energy inputs
have been developed to lower the deposition temperatures. 
- Plasma CVD (referred to as PACVD: plasma-assisted CVD or PECVD: plasma enhanced
CVD) has developed widely since the 60’s. The chemical reaction is promoted by a plasma
Figure I-4   Basic principle of Chemical Vapour Deposition techniques8
I - Introduction, state of the art(high frequency, radio frequency or microwave glow discharge, with ion densities in the order
of 10-5): the high energy electrons present in the plasma dissociate and ionize gaseous mole-
cules to generate chemically activated species (ions, radicals). In addition, the plasma supplies
energetic radiation (ions, radicals, photons). Plasma CVD enables to achieve deposition at
lower temperatures than conventional CVD and at higher deposition rate, but the inherent
complexity of the plasma chemistry and the multitude of phenomena occurring make it diffi-
cult to achieve an exact stoechiometry without by-product contamination. Moreover, the sub-
strate surface can be damaged by the bombardment of high energy ions. However, Plasma
CVD has been extensively investigated and is used industrially. 
- Photo CVD (referred to as PCVD: photo-CVD, or LCVD: laser CVD or LICVD: Light In-
duced CVD): photons are used to activate the chemical reaction in the gas phase and/or on
adsorbed species on the substrate. The decomposition process can be photolytic (due to elec-
tronic excitation and dissociation of the molecule) or pyrolytic (caused by a local heating of
the substrate). A more complete description of this technique is given in Chapter I-3. Al-
though it is a promising technique to deposit at lower temperatures and locally, without the
substrate damage effects observed in Plasma CVD, Photo CVD has not been widely devel-
oped and is studied only at a research level. One reason for that could be that, as stated in [49]
, limitations of the more conventional techniques have not yet proved to be sufficiently serious
to merit a true commercial development of a new technology. Another reason maybe econom-
ical: since photons are expensive [50] compared to thermal energy, the extent to which they
can be used fruitfully in commercial manufacturing remains to be determined [51]. 
- Ion assisted CVD and Electron assisted CVD: these two techniques are rarely used. They use
an accelerated ion beam or an accelerated electron beam to activate the chemical reaction. 
2-1-2  Different pressure ranges
The different CVD techniques also differ by the pressure at which they are operated: atmospher-
ic CVD (1 bar), reduced pressure CVD (1-100 mbar), low pressure CVD (10-2 - 1 mbar) and
ultra-high vacuum CVD (10-6-10-2 mbar) [49]. 
The total pressure in the reactor controls the degree of coupling between gas and surface chem-
istries: heterogeneous and homogeneous pathways are coupled at a pressure higher than 1 torr
[52].
The pressure is additionally an important parameter, influencing the transport phenomena, the
chemical process.... but also the system costs. 
2-1-3  Different precursor chemistries
The choice of a chemical reaction is essential for the CVD process. Different “chemical fami-
lies” of CVD precursors are very commonly used, such as metal-halides (binary halogenated
compound), metal carbonyls (CO ligands), hydrides (H ligands)... In parallel to these traditional
CVD compounds, Metalorganic Chemical Vapour Deposition (MOCVD) has developed, vary-
ing the ligand chemistry on a wider range: alkyl, alicyclic, aryl, acetylacetonate, alkoxide,
amine, etc.... and the research on CVD precursors is still a very active area to improve deposi-
tion processes. The requirements that a compound must fulfil to be a convenient precursor are: 
- To be stable when not exposed to the energy input required to activate the CVD reaction (i.e.
stable at room temperature)
- To be sufficiently volatile to be easily transported to the reaction area
- To react “cleanly” in the reaction zone and without producing parasitic side reactions
- To react at a temperature lower than the substrate melting temperature
- To be able to be produced on a large scale with a high degree of purity and acceptable costs9
- More and more importance is given to the use of non toxic and hazardous compounds, as well
as environmentally friendly compounds 
2-2  Historical and present importance of CVD techniques: advantages and drawbacks
Thermal CVD is an old process: its first practical use was developed in the 1880’s with the im-
provement of incandescent lamp filament strength by carbon or metal deposition [53]. Since
then, the technique underwent a tremendous expansion in the 1960’s [20] and has been widely
used to deposit all types of materials (metals, oxides, nitrides, phosphides, carbides, silicides,
borides etc.... [20,49]). In parallel, the assisted techniques have largely developed, especially
Plasma CVD.
Presently, the semiconductor industry and the related electronic component production com-
prise 3/4 of the whole CVD production [23]. The cutting tool industry is also an important mar-
ket for CVD of hard materials (such as TiC, TiN, TiCxNx, Al2O3) as well as erosion protective
coatings.
As CVD processes are usually an integral part of sequential production operations and highly
vary from a deposition set up to another, it is difficult to estimate accurately the costs or add-in
value of a CVD operation. However, with the increasing sophistication of the CVD equipments,
shifting more and more to standardized production equipments, the CVD equipment market is
constantly growing, reaching two billion dollars worldwide in 1997 [23]. 
The main requirements for a CVD process to be interesting are to be able to produce thin films
with reproducible and controllable properties, including chemical composition, thickness, mor-
phology and adhesion. Ideally, film formation should not have any significant impact on the
substrate (but films should be well adherent) and growth rates should be reasonable. 
The advantages of the CVD techniques can be summarized as follows: 
- A very wide range of materials can be deposited, as already mentioned. Co-deposition of com-
pounds is also readily achieved, for instance in the case of mixed oxides [53]. Layer doping
with controlled amount of impurities is also realized. 
- The growth rates are normally superior to those obtained by physical techniques, and thin or
thick films are deposited (from several A to several mm thick). 
- The films are normally well adhering to the substrate.
- The deposit stoechiometry can be tailored. 
- The deposit microstructure can be varied. It was proven to be tailored by varying the precursor
concentration in thermal CVD: with increasing precursor super-saturation, a general tendency
is to go from columnar, domed deposits to fine grains on the substrate growing into large fac-
eted grains, to fine equiaxed grains [54].
- Different crystalline states of the material can be obtained (amorphous, poly- or monocrystal-
line), depending mostly on the substrate temperature. 
- Operated with pressure above molecular flow region, CVD is not a line of sight technique, al-
lowing coating of three-dimensional features having a high aspect ratio [53,54]. CVD was
claimed to be the only conformal growth technique, providing the precursor sticking coeffi-
cient is not too high [52].
- The CVD equipment is relatively simple and flexible. The current tendency to operate more
and more under atmospheric conditions makes it even easier. 
However, the CVD techniques also present some disadvantages: 
- The reaction mechanisms and kinetics, as well as the transport phenomena, can be very com-
plex, making it difficult to easily predict or understand a process10
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CVD. As already mentioned, it prevents deposition on thermo-sensitive substrates and impos-
es that the thermal expansion values of the substrate and of the deposit closely match, to min-
imize residual stresses [54], responsible for substrate deformation or film cracks. However,
the deposition temperature can be reduced with the assisted techniques, but complex phenom-
ena due to the added energy source are induced. 
- The creation of a contamination layer at the interface between the substrate and the film [54]
is another problem that should be avoided for many applications. Damages of the substrate
can be caused by the energetic beams used to assist the CVD process and chemical purity of
the deposited materials are issues to be solved. 
- Precursors with high vapour pressure have to be known: such compounds can be fairly haz-
ardous and expensive [54]. All the reactive gas used in CVD or produced by-products are very
often toxic, explosive or corrosive. 
- Deposit uniformity is difficult to achieve.
In general, CVD techniques allow easy realization of a deposit, however it is much more diffi-
cult to control the process details and deposit properties, due to the great number of process pa-
rameters involved. A brief insight into the mechanism underlying the growth process and
evidences of the necessary multi-disciplinarity required to understand a CVD process are given
in the next two paragraphs.      
2-3  Basic tendencies in the CVD growth processes 
The CVD process steps contributing to the film growth are presented schematically in Figure I-
5-A. They consist in: 
1- Gas phase mass transport of reagents gases to the reaction zone, including gas flow and dif-
fusion of reagents gases through the boundary layer surrounding the substrate
2- Adsorption of the reagents gases onto the substrate
3- Surface chemical reaction
4- By-products desorption from the substrate 
5- By-products diffusion away from the substrate and gas phase mass transport (additionally,
parasitic reactions in the gas phase may take place, or a reaction intermediate may form in
the gas phase) 
6- Possible migration across the surface to allow establishment of a deposit structure.
These steps can be classified in two different categories: 
A) B)
Figure I-5   Basic principle of Chemical Vapour Deposition technique A) General scheme of the
different steps of a CVD process and B) Summary of the different subjects involved in CVD.
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- Reagent transport steps: these include the mass transport phenomena (macroscopic flows and
motions of gases in the reactor away from the substrate) and the diffusion phenomena (a
boundary layer exists near the substrate in which gases are almost motion less and through
which reagents gases and by products must diffuse). 
- Surface reaction steps: these include the chemical reaction itself, but also the adsorption/des-
orption steps.
2-4  Fundamental aspects of CVD to study: required multi-disciplinarity
CVD is intrinsically a multi-disciplinary research domain, as a lot of phenomena relevant to ei-
ther chemistry, physics, engineering or material science are necessary to the control of a CVD
system. A schematic list of key words of the areas which CVD is concerned with, is presented
in Figure I-5-B. 
The fundamentals of a CVD system include: 
- Chemical aspects, which can be divided into: 
- Thermodynamics: A thermodynamic study of a CVD system can allow the prediction of
the behaviour of a CVD process under various experimental conditions, both qualitatively
and quantitatively [20]. However, main limitations come from the availability of the ther-
modynamics data and from the equilibrium conditions assumed, which are not always
achieved in a CVD system. 
- Kinetic aspects: The deposition rate is controlled by the slowest of the different steps pre-
sented in Figure I-5-A. Determination of this limiting step can be estimated by examining
the film growth rate as a function of temperature (Chapter I-2-5-1). Additionally to the
mechanism informations which are provided by kinetic studies, it is obviously interesting
to develop a CVD process having a controlled and reasonable growth rate. 
- Reaction mechanisms: Both homogeneous (in the gas phase) and heterogeneous (at the
surface) reactions may take place in a CVD system. A chemical reaction study includes
in particular the precursor surface chemistry which contributes to the growth process (ad-
sorption-desorption processes, breaking of precursor bonds, removal of by-products from
the surface, surface mobility of the reactive species). Many techniques exist to investigate
the surface reaction mechanisms, but most of them require UHV conditions. 
- Engineering aspects: The mass transport phenomena (mass flow phenomena and diffusion
processes) and the heat transport phenomena must be taken into account when realizing the
reactor design. As a matter of fact, they have an important contribution to the deposition rate,
the deposit uniformity, as well as on other physico-chemical properties of the deposits [20].
Therefore, a lot of work is devoted to improve the different parts of CVD systems (precursor
introduction in the reactor, reaction chamber and by-product exhaust). Very different types of
reactor geometries and operating conditions have been developed [49,55]. Briefly, we can
quote the difference between “cold wall” reactors (only the substrate is heated) and “hot wall”
reactors (the whole reactor is heated), vertical or horizontal reactors, single or multi-wafer re-
actors.
- Physical aspects: Most of the assisted techniques require the understanding of the physical
phenomena which are responsible for the activation of the chemical reaction. 
Additionally, all the phenomena taking place in the reactor due to transport mechanisms are
described by physics laws. 
- Material science aspects: The deposited material must be further on characterized. Physico-
chemical properties such as chemical composition, crystallinity, morphology, mechanical
properties, optical properties, electrical properties... are often looked at. 12
I - Introduction, state of the art2-5  Substrate temperature: a key parameter of all the CVD processes
The surface temperature is a key parameter of the CVD processes, as all the surface chemistries
are very dependent on this parameter [51]. Therefore, it has a large influence on the growth rate
and on the physico-chemical properties of the deposited material. 
2-5-1  Influence on the growth rate
Increasing the substrate temperature, three regimes of film growth are typically observed, de-
pending on the limiting step of the deposition process (see Figure I-6). 
At a low substrate temperature, the rate of the chemical reaction of deposition controls the
growth rate: this region is referred to as kinetic regime. The deposition rate is limited by the ac-
tivation energy barrier of the chemical reaction Ea, which is more and more readily overcome
as the temperature increases, resulting in an increasing deposition rate r. In this regime, r usually
follows an Arrhenius law [56] with respect to the substrate temperature T (Equation I-1): 
Equation I-1
where R is the ideal gas constant (R = 8.314 J/mol/K) and ro is the pre-exponential factor. The
ro value measures the frequency at which the reactive intermediate is accessible.As the substrate
temperatures increases further on, a regime is found in which the mass transport or the diffusion
steps do not allow enough reagent gases into the deposition zone to sustain the chemical reac-
tion. It is a transport limited regime, in which the variation of the growth rate with the temper-
ature is less important than in the kinetic regime, and is different for an “equilibrium” controlled
process compared to a “diffusion” controlled process [20]. If the precursor input is increased,
this mass transfer limited region starts at a higher temperature [57]. 
At even higher substrate temperatures, the deposition rate decreases with different possible ex-
planations: desorption of the reagents, decomposition of the deposit, gas phase induced reaction
above the substrate, increasing importance of a parasitic reactions etc.... 
Experimental curve similar to the ones presented in Figure I-6 are currently reported in literature
for different CVD systems. For instance for TiO2 deposition from titanium tetra-isopropoxide
and oxygen [58] [59].
The regime under which the deposition takes place is important to control the uniformity of the
deposited film: 
- In the chemical reaction limited region, the substrate temperature must be homogeneous. 
- In the mass transfer limited region, the precursor input to the substrate must be homogeneous.
Figure I-6  Different regimes of the CVD growth as a function of the substrate temperature: typ-
ical Arrhenius plot showing the logarithm of the growth rate versus the reciprocal substrate tem-
perature. 
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2-5-2  Influence on crystallinity
TiO2 deposited by thermal CVD is reported to be amorphous below 300-500°C, and successive-
ly anatase and rutile with increasing the temperature. The transition from anatase to rutile nor-
mally occurrs between 700 and 1100°C. Other process parameters (such as precursor, substrate,
growth rate) also influence in a complex way the crystallinity. 
2-6  Precursors used for TiO2 CVD deposition 
Different families of precursors have been used to deposit titanium dioxide by CVD techniques.
These precursors are usually liquid, and either homoleptic or heteroleptic. The more important
types are presented here. They include principally: 
2-6-1  Halides
TiCl4 is the most commonly used halide to deposit titanium dioxide, in the presence of water
[60-62] or oxygen. The reaction takes place at low substrate temperature (down to room tem-
perature) but is difficult to control. Additionally, TiCl4 often leaves chlorine contamination in
the deposits. 
TiI4 has also been used as a rather unconventional precursor [63]. 
2-6-2  Alkoxides
Metal alkoxides are versatile precursors used for the CVD of ceramic materials [64,65]. In par-
ticular for TiO2, several of these compounds (Ti(OR)4) are commonly used: titanium tetra-
ethoxide [66,67], titanium tetra-isopropoxide [68] and titanium tetra-butoxide, in combination
with water or an oxidant gas. 
Titanium tetra-isopropoxide (TTIP) is usually considered as the most attractive of these com-
pounds, as it is the most volatile (see Chapter II-1-3-3-1). 
A major drawback of TTIP is its high sensitivity to humidity: therefore, some groups have pro-
posed some more stable alternative derivatives [58,69].     
2-6-3  -diketones
-diketone compounds have been proposed as precursors for the deposition of a very wide range
of different materials [70]. Deposition of TiO2 was reported from the liquid titanium(diisopro-
poxy)(bisacetylacetonate) [71,72]. A few solid precursors of this type were also recently pro-
posed in literature: Ti(DPM)2(OiPr)2 [73,74], Ti(DPM)2(OCH3) [75].
2-6-4  Ti(NO3)4
Ti(NO3)4 [76] was used by Gladfelter et al.[68,77] who proved the possibility to obtain crystal-
line TiO2 with it below 200°C. 
2-7  CVD deposition from TTIP: literature review
A good literature review of the TiO2 deposition by CVD is found in [68]. As already mentioned,
TTIP is one of the most commonly used CVD precursors for TiO2. As it is the precursor which
is also used in this work, literature data for CVD deposition using this compound are summa-
rized here. 
2-7-1  Thermal CVD
2-7-1-1  Chemical reaction of deposition 
Several authors have investigated the TTIP thermal decomposition mechanism. A good review
of the results is given in [78]. They are briefly summarized below: 
1. Thermal decomposition is reported to start between 175 and 325°C [78-81], and even as
low as 57°C on Pt surface [82].
2. The starting temperature of thermal decomposition is lowered with oxygen [81,83]. 
3. Propene and water are observed as main decomposition products [84-86].14
I - Introduction, state of the art4. The formed water can react with TTIP to form isopropanol, which can also be formed by a
direct reaction from TTIP to isopropanol and propene [87]. 
5. Acetone and hydrogen are also observed as decomposition products [80,82,85]. 
6. The formation of di-isopropoxy ether is also possible [87]. 
7. Not only the surface reaction, but also the gas phase collisions are believed to be important
[80,88,89]. Therefore, the reaction depends on the reactor pressure and on the residence
time of the molecules in the reactor [90]. 
The deposition reactions are normally realized with a substrate temperature higher than 300°C. 
2-7-1-2  Role of oxygen or reactive gas in the deposition reaction
In most of the studies reporting deposition of TiO2 from TTIP, oxygen is added. 
However, the role played by O2 in the deposition is not clear: 
- Deposition can be obtained without oxygen addition [83,91,92]
- Yokozawa et al. [83] report an increase of the deposition rate with increasing the O2/TTIP ratio
while Takahashi et al. [93] report that the growth rate does not depend on this ratio.  
- A reduction of the Arrhenius activation energy is observed in the presence of oxygen [83,92]
- A less ordered crystalline structure is obtained in the presence of oxygen [83,94]. 
2-7-1-3  Obtained material properties
The crystallinity of the deposited material (amorphous, anatase or rutile) is reported to have a
complex dependence on a large number of parameters, additionally to the substrate temperature
dependence [81,93,94]. These parameters include the substrate nature, the gas phase parame-
ters, the deposited thickness, the growth rate. 
A stoechiometric material without carbon contamination is reported to be deposited, without
[91] or with [95-97] addition of an oxidant gas. 
Indexes of refraction from 2.1 to 2.6 are obtained [44].
Growth rates up to 100 nm/min are reported [81]. 
2-7-2  PECVD
Different variants of PECVD deposition of TiO2 from TTIP and O2 are also reported in litera-
ture: with remote plasma [98], with RF plasma [99,100] and with electron cyclotron resonance
PECVD [101,102]. 
The main results compared to thermal CVD are that:
- The deposition temperature can be lowered to substrate temperature of about 100°C [99,102]
- Thin films obtained at such low temperatures are amorphous (only Lee et al. [101] report ana-
tase films at 230°C)
- Some carbon contamination may be found in the deposits [98,102] 
- Growth rates normally obtained are in the order of 10 nm/min 
2-7-3  LICVD
Literature review of LICVD deposition from TTIP will be given in sections 3-4-2 and 3-4-2-2. 
3  Light induced CVD
As already mentioned, LICVD uses photon irradiation to promote or activate the CVD reaction.
This topic of light assisted or induced deposition is part of the general field of laser processing
of materials [103], widely developed since the 60’s, especially with the emergence of all the la-
ser science. Information coming from other subjects in this field (like material modification un-
der light irradiation, such as annealing, or material removal under irradiation, such as ablation)
are important to understand side effects that can take place in parallel to deposition. Addition-
ally to lasers, a lot of work is carried out with lamps. 15
Several reviews were published on LICVD [57,104,105]. Although mostly studied at a research
level, general patents were deposited on the technique [106,107].
3-1  Basic description of the technique
3-1-1  Mechanisms involved in LICVD
The activation energy of the deposition process is overcome by the irradiation responsible for
different mechanisms which highly depend on the absorption properties of the gas mixture, the
adsorbed intermediates and the substrate. Basically, these mechanisms are divided into non-
thermal (photolytic) and thermal (pyrolytic) processes [57,105]: 
- A photolytic process takes place when the photons are used to break chemical bonds within
the reactive gases or adsorbed phase. In this case, the reactives have absorption bands which
overlap with the light source: the photons stimulate an electronic transition by absorption of
one (or several) photons, leading to dissociation. This is normally realized with UV photons. 
Additionally, another non thermal process can take place if excitation or electronic transitions
are induced in the substrate, generating electrons and holes, that will influence the deposition
[104,105,108]. 
- A pyrolytic process takes place when the energy of a laser beam is used to heat locally the sur-
face of a substrate to the temperature required for the chemical reaction to take place. The sub-
strate temperature rise is due to the absorption of light in the substrate followed by heat
production by relaxation.
Many systems probably possess both photolytic and pyrolytic components, possibly successive-
ly [104] (for instance, deposition on a transparent substrate can start by a photolytic step and be
followed by a pyrolytic step because the formed film is absorbing [105]) or simultaneously and
competitively, both in the vapour phase and at the substrate surface. The extreme behaviour,
with influence of the relative absorption of substrate, gas precursor and absorbed intermediate
are presented in Figure I-7. 
3-1-2  Advantages aimed for LICVD - Advantages and drawbacks of the different mech-
anisms relative to these aims
There are mainly 3 aimed advantages which have motivated the development of photo-induced
processes [104]: 
- Lowering of the deposition process temperature, to be able to deposit on thermo-fragile sub-
strates and to avoid unwanted thermal effects at the substrate surface. 
A) B)
Figure I-7  A) Schematic of the LICVD process possibilities (reaction localization and mecha-
nism nature) depending on the different light absorption localizations and B) Schematic of the
wavelength dependence of the process. 
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I - Introduction, state of the art- High resolution selective area deposition, using the advantage that the reaction can take place
selectively in the irradiated area
- Temporal control of the deposited thickness, due to the instantaneity of the light switching on
or off. 
Additionally, the obtained physico-chemical properties of the deposited materials are also im-
portant.
3-1-2-1  Low substrate temperature of deposition
Low temperature processing is highly favoured by photolytic processes compared to pyrolytic
ones. As a matter of fact, a high light absorption in the substrate leads to a high surface temper-
ature rise, which does not allow deposition on thermo-fragile substrates [105]. 
Compared to thermal CVD, LICVD allows a reduction of the substrate temperature required for
deposition. But most of the work reported in literature uses LICVD as an assisted technique with
substrate temperatures higher than 250°C. Some work has also been carried out at room tem-
perature, but very few articles report the use of thermo-fragile substrates. 
A parallel irradiation configuration (in which a laser is shined parallel to the substrate, at a small
distance away from it) is proposed as a good alternative not to damage the substrate [105,109],
but eliminates the selective area deposition possibility. 
3-1-2-2  Selective area deposition
Selective area deposition means that the substrate is irradiated locally in a perpendicular irradi-
ation condition and that the deposition takes place only in the irradiated area. 
Different irradiation configurations have been proposed to achieve selective area deposition: 
- The use of a focused laser beam, than can be static, moved away from the substrate to realize
3D-growth or moved on the substrate to realize “laser writing”.
Mainly pyrolytic reactions have been used with this technique. A lot of work has been devoted
to metal lines writing, and resolutions down to submicron dimensions were achieved. This
process is a serial process, and it is versatile concerning the patterns that can be written, but
slow. 
- The use of unfocused lasers or lamps, selecting the irradiated area by the use of masks.
Several geometries can be considered: 
- Use of contact masks: a mask is “sticked” on the substrate
- Use of proximity printing: a free standing mask is placed in the light beam pathway. In
this case, the optical resolution is limited by the optical deviations from the ideal case
(beam divergence, diffraction effects) 
- Use of mask projection set up: a lens or an objective are used to image a free standing
mask on the substrate. In this case, the optical resolution is limited by the optical aber-
rations of the objective (spherical aberrations, coma, diffraction) or by the possibility to
position correctly the substrate within the depth of focus. 
Ideally for such set-ups, the light source should irradiate the mask homogeneously, with a low
divergence: therefore, the use of lamps is often limited due to the difficulties to obtain a col-
limated beam with sufficient energy from the lamp source. The use of gaussian and coherent
laser beams is also limited due to the intensity profile and homogenization difficulties caused
by interference effects. Excimer lasers, which deliver a high intensity low coherence almost
flat profile beams are particularly suited for such applications. 
The resolution of the selective area deposition achieved can be limited by different factors: 
- The optics and the optical aberrations, as already mentioned (shorter wavelengths also favour
smaller focalisation points and diffraction effect reduction). 
- Thermal diffusion effects in pyrolytic processes: the deposition also takes place in the thermal
diffusion length around the irradiated area. 17
- A gas phase reaction, inducing the deposition of powder outside the irradiated area. Therefore, 
 a photolytic process with gas phase absorption offers the drawback of poor spatial resolution
[57].
In conclusion, the best results for selective area deposition are expected to be obtained if the gas
phase absorption of the precursor is low, while a layer of adsorbed species is formed on the sub-
strate exhibiting a high absorption. Such mechanism was for instance demonstrated in the case
of aluminium deposition from Al2(CH)6 at 257 nm [104]. 
3-1-2-3  Control of the growth rate
Usually, two directions are searched for in thin film deposition processes concerning the growth
rates: controlling precisely the deposited thickness and getting high growth rates. 
The use of pulsed lasers seems to be able to favour both aims [110], which are often contradic-
tory:
- Deposition rate per pulse is usually low and the number of pulses can be chosen precisely. 
This effect has been used in literature for the deposition of different material super-lattice
structures (number of thin film layers alternating composition) [110-112].
- The total growth rate can be high, provided high laser pulse repetition rates are used.
3-1-2-4  Physico-chemical properties of the deposited material
In LICVD, the role played by the photons in the surface chemical reactions is important: they
influence the chemical reactions taking place, but also the adsorption/desorption phenomena,
the surface atom rearrangements, etc.... [51]. Therefore, physico-chemical properties of the de-
posited materials can be highly different from those obtained by other deposition techniques. As
for other deposition techniques, control of the stoechiometry and of the crystallinity is impor-
tant. 
3-2  Light source and precursor choice
Orienting the deposition process either in the direction of photolytic or pyrolytic reactions, and
favouring either gas phase or surface reactions, are directly linked to the choice of a light source
(and of an irradiation configuration) and to the choice of a precursor. 
3-2-1  Light source
A very wide range of light sources have been used for photo-deposition: lasers (all wavelengths
from UV to IR) or lamps (especially in the UV). A brief summary of the commonly used light
sources is shown in Figure I-7-B. 
Laser sources present the advantages of having a low divergence, a high power, and are mono-
chromatic (which favours selectivity in the chemical reactions taking place). On the other hand,
lamps are much cheaper and easier to handle. 
In the UV range, excimer lasers are mostly used. The operating principle of these lasers is brief-
ly described in Appendix A-1. They provide low coherence, high energy, almost flat top energy
profile and pulsed monochromatic light at wavelengths from 157 to 351 nm (see Table A-1 for
rare gas halide excimer lasers). 
In the recent decades, excimer lamps [25,113] have also developed as a promising cheaper al-
ternative to more expensive excimer lasers. They provide an almost continuous (20 kHz) diver-
gent light with an energy of approximately 200 W per lamp [114], for a larger number of
wavelengths (from 157 to 354 nm).
3-2-2  Precursor
Any precursor used in conventional CVD is suitable for LICVD pyrolytic processes. But usu-
ally, such precursors are not ideal for photolytic processes due to their low absorption at the
available wavelengths [105]. In order to favour photolytic reactions, ideal precursors should18
I - Introduction, state of the arthave, additionally to classical CVD precursor properties, an absorption band overlapping with
an available light source and characterized by a large extinction coefficient [115]. 
Moreover, to promote a localized surface reaction preferentially to a gas phase reaction, it is not
the precursor absorption that should be high, but the absorption coefficient of a reactive ad-
sorbed intermediate on the substrate. 
Some work has been carried out on the development of new precursors specially designed for
photolytic processes. These precursors must (additionally to have a high absorption cross sec-
tion) loose their ligands “cleanly”. In particular, it was proven that a high contamination is ob-
tained if the ligands are completely dissociated in the decomposition process. 
-diketone compounds have been proposed [105] as valubale candidates due to their high ab-
sorption in the UV, with contrasted results.  
3-3  A wide range of deposited materials
The deposition of materials with photo-chemical techniques have been investigated since the
1930’s, with primary goal of studying photo-dissociation. In the late 70’s, a lot of work started
on material deposition, especially on metal deposition. Since then, the technique has been ap-
plied to a very wide range of materials metals, semiconductors, insulators. Reviews of mate-
rials deposited by LICVD can be found in [20,49,57,104,116]. 
3-4  Literature review for oxide deposition
A general scheme for the oxide deposition by LICVD is: 
Both pyrolytic and photolytic reactions have been reported in literature, and a large number of
different oxides have been studied. In this work, TiO2 deposition by pyrolytic LICVD will be
briefly reviewed (paragraph 3-4-1), while literature data about oxide deposition using UV light
will be discussed in more detail (paragraph 3-4-2). 
3-4-1  TiO2 pyrolytic deposition in the IR
Mainly CO2 lasers ( = 10591 nm) have been used to promote pyrolytic reactions, to produce
either titania powders or local deposits.
Titania powders of different crystalline phases (anatase or rutile) and different granulometries
were produced by laser pyrolysis of alkoxides (especially TTIP), with or without a sensitizer
(typically SF6) to enhance the gas phase absorption [117-120]. This technique of powder pro-
duction was even patented [121]. 
Allen [122,123] was the first one to realize localised depositions of TiO2 with LICVD with a
focused CO2 laser, with the major drawback that the chemical composition changed along the
deposit diameter (due to a temperature variation). 
The synthesis of TiO2 films from a gas phase reaction was also reported [124].
3-4-2  Review of oxide deposition using UV irradiation
A literature review of oxide deposition induced or assisted by UV irradiation is presented in Ta-
ble I-2, highlighting the precursor-light source combination used, and putting emphasis on the
results obtained concerning temperature processing, selective area deposition and growth rates
obtained.
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3-4-2-1  Summary of the main results
The main results presented in literature concerning LICVD of oxides using UV light irradiation
sources can be summarized as follows: 
 
- The chemical reaction is correlated to the light absorption, either by the precursor or by the
oxidant gas added. 
Several papers prove that a large light absorption of the precursor at the used wavelength is
necessary for the deposition [125,128,144,164].
Additionally or alternatively, the photolysis of the added oxidant gas (O2, N2O or O3) can also
significantly contribute to the growth process [141,146,156].
 
- The kinetics of the deposition reaction is different from the thermal CVD one.
Many studies show that the LICVD reaction is faster than the corresponding thermal CVD
reaction, and that the Arrhenius activation energy associated with the photo-deposition is
much lower than the one of the thermal deposition [25,133,137,139,154]. 
Growth rates in the order of tens of nanometres per minute are usually obtained for the photo-
deposition at low substrate temperatures. 
- The morphology and the crystallinity of the deposited material are affected by the light irra-
diation. 
The interaction of the photons with the deposited material influences the deposition process 
(deposition may only take place in perpendicular irradiation [144]) but also the morphology 
and the crystallinity of the deposited material [148,165]. 
The crystallinity is found to be enhanced by perpendicular irradiation of the sample [127], as 
well as by increasing the fluence [150]. 
One explanation for these phenomena is the enhancement of the surface mobility which is re-
ported in photo-deposition studies [166,167]. 
- The stoechiometry of the oxide is influenced by UV light irradiation. 
Several authors report the deposition of suboxides in the absence of an oxidizing treatment
[148,160]. 
- A selective area deposition can be obtained. 
By the different techniques of mask projection [138] or proximity printing [143,145] or con-
tact masks [142], patterned deposits of oxides are realized, with sizes in the range of tens of
micrometres. For titania deposition, only millimeter patterns were reported [128].
- Some photo-catalytic mechanisms are suggested. 
When the light source wavelength is more energetic than the band gap of the deposited oxide,
a photo-catalytic activation of the reaction is suggested [159]. 
3-4-2-2  State of the art for TiO2 deposition by LICVD
Three types of precursors have been used to deposit TiO2 by LICVD: 
- TiCl4, which was found to react also in the gas phase using an ArF laser in the presence of
oxygen [162]. Good quality films could only be obtained with a ALE like process exhibiting
extremely low growth rates  (rutile films at room temperature). 
- -diketone compounds were proposed as interesting compounds having a large absorption
band in the UV [115,130]. Selective break down of the chemical bonds must be realized not26
I - Introduction, state of the artto induce high contamination from the precursor, and lability of the ligand should be large
enough. 
- Titanium tetra-isopropoxide (TTIP) was most commonly used, combined with different oxi-
dant media and light sources. 
- Light assisted processes were studied using lamps as light sources: 
- Egashira et al. [159] report a photo-enhancement of the LICVD growth using a Hg
lamp at temperatures from 300 to 350°C. 
- Zhang et al. [168,169] report deposition of TiO2 adding N2O and using a KrF (222 nm)
excimer lamp at temperatures as low as 50°C, with crystallisation to anatase observed
at temperatures superior to 210°C.
- Excimer lasers were also used to promote deposition: 
- Tokita et al. [128] reports the growth of amorphous TiO2 at room temperature using
an ArF or a KrF laser in an oxygen atmosphere and the possibility to obtain localised
deposition. Deposition using a XeF laser at 351 nm failed, due to the low absorption
of TTIP at this wavelength. 
- In parallel to this thesis, Watanabe et al. [161] reported the deposition of anatase in the
presence of oxygen at temperatures as low as 130°C using an ArF laser. 
- Later on, the same authors presented the deposition using a KrF laser in the presence
of oxygen at 130°C [160] and with this set up, they demonstrated the possibility to tai-
lor the crystallinity between anatase and rutile using a KrF laser at substrate tempera-
tures between 55°C and 300°C [170]. 
3-5  UV interaction with materials
To understand better the processes underlying the UV interaction with the deposited material in
photo-CVD experiments with perpendicular irradiation, processes involving similar interaction
phenomena between UV light and materiasl are briefly reviewed in this paragraph. 
3-5-1  Photolysis of a condensed phase or irradiation of a sol gel material
Alternatively to true photo-CVD processes, the deposition using the decomposition of a pseudo
liquid condensed phase of precursor on a substrate has been studied. A review for oxide depo-
sition by this technique is given in [171]. One of the aim of this technique compared to LICVD
is to enhance the deposition rates [172]. A good resolution selective area deposition of SiO2 has
also been demonstrated by this method [172]. 
This technique was applied to TiO2 deposition: 
- Palmer at al. [173] used (2-C5H5)2Ti(N3)2 as precursor. By absorption of a photon from a Hg
lamp, this precursor looses a ligand and sticks on the substrate where the reaction goes on. 
The pulsed laser UV irradiation of sol gels to promote crystallinity in order to avoid the high
temperature annealing steps normally required in these processes have also been widely studied: 
- Using TTIP based sol gels, the crystallization to rutile was reported at 193 nm with 50 mJ/cm2
[174] as well as at 248 and 308 nm with fluences between 25 and 150 mJ/cm2 [175]. 
- Tsuchiya et al. [171] showed using -diketone compounds as precursors and irradiating with
an ArF laser that increasing the fluence and the repetition rate, the crystallinity changed from
amorphous to rutile, and that the rutile crystallization could be suppressed to obtain the ana-
tase phase by a two step irradiation sequence. 
The mechanisms responsible for the crystallization processes have been attributed not only to
thermal effects due to the laser irradiation, but also to photochemical effects (electronic proc-
esses of bond cleavage and rearrangements) when the irradiation is realized with wavelengths
more energetic than the material band gap [175,176].27
3-5-2  Role of UV irradiation on already existing oxides
Two main effects are reported in literature concerning the irradiation of titanium dioxide by UV: 
- The reduction and possible melting of crystalline TiO2 at relatively high fluences: such effects
were reported by [177] for the irradiation of anatase and rutile with 1J/cm2/pulse at 308 nm
and by [178] for the irradiation of rutile at 355 nm, 1J/cm2/pulse. 
- The crystallization of amorphous material at low fluences: amorphous titanium oxide was re-
ported to undergo the formation of rutile nano-crystals under irradiation with a KrF laser with
35 mJ/cm2, this effect being enhanced by increasing the number of pulses [179]. 
4  State of the art, motivation of this project and presentation of the chosen direc-
tion
As evidenced in Chapter I-1, titanium dioxide is a very interesting material, providing specific
physico-chemical properties can be tailored. In contradiction with other CVD techniques,
LICVD of titanium dioxide, especially using UV irradiation has been poorly studied, but is pre-
sented as a promising alternative with the hope to be able to deposit crystalline material at low
substrate temperature, on thermo-fragile substrates. Additionally, this technique has already
been shown to enable to realize selective area deposition. 
Based on the literature data, titanium tetra-isopropoxide was selected as a precursor in the pres-
ence of oxygen. An excimer laser with a wavelength (308 nm) and a pulse duration longer than
the ones used in literature (250 ns instead of the classical 20 ns) was chosen to favour deposition
on thermo-fragile substrates minimizing substrate damages. 
Several aims were pointed out at the beginning of this work: 
- Realizing a home made LICVD deposition system, which is presented in details in Chapter II. 
- Evidencing some key process parameters and studying their influence on the physical and
chemical properties of the deposited material. This part of the work is presented in Chapter IV. 
- Studying the possibility to realize a selective area deposition and showing the resolution lim-
itations, which is shown in Chapter V. 
- Examine the feasibility of the deposition on thermo-fragile substrates which is carried out in
Chapter VI. 
- Additionally, theoretical calculations were carried out in order to estimate the temperature rise
due to the laser irradiation on different substrates and in different conditions. The results are
presented in Chapter III, and will be used as a theoretical tool to analyse the deposition proc-
ess.28
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A standard gas flow LICVD reactor using perpendicular irradiation from a long pulse
XeCl excimer laser (308 nm) was mounted. The substrate was placed on a temperature
controlled plate. Titanium tetra-isopropoxide precursor was brought in the reactor from
a bubbler kept in a temperature controlled bath through a heated line by a carrier gas.
Oxidizing gas and inert gas for window protection were added with a controlled flow.
A butterfly valve was placed between the reactor chamber and the pump to maintain the
overall pressure in the reactor at 10 mbar. Films were characterized by SEM, XPS, Ra-
man spectroscopy, UV-Vis spectroscopy, profilometry, ellipsometry, TEM and AFM
whose principles and literature data for TiO2 are briefly described in this chapter. 
1  Description of the deposition system
A home made CVD reactor is used, in which a substrate is sticked on a temperature controlled
substrate holder. The substrate is irradiated perpendicularly by a laser through a window, and a
mask projection image is realized. A liquid precursor, kept in a bubbler, is brought in the reactor
by a carrier gas. In this section, the deposition system (presented schematically in Figure II-1)
is described in detail. 
Figure II-1  General schematic view of the LICVD system29
1-1  Light source
1-1-1  308 nm XeCl excimer laser properties
A long pulse 308 nm XeCl excimer laser (Lambda Physics LPX 610) is used as light source. It
delivers an energy of up to 300 mJ per pulse on a 1.9 x 2.4 cm2 rectangular beam. 
This laser is a 20 year old quasi-unique prototype model which unfortunately imposes some lim-
itations: 
- The output energy decreases rapidly with time (about 20% every 50’000 pulses at 1Hz, and
even more rapidly at higher repetition rates). Therefore, attenuating first the beam and decreas-
ing the attenuation as a function of time is necessary to maintain the fluence constant on the
sample during a deposition experiment (fluence means light energy per surface unit per pulse).
Regular “new fills” of the excimer gas mixture (12 mbar Xe, 12 mbar of 5% HCl and 1% H2 in
He, 4000 mbar Ne) combined with extensive passivation of the cavity (250 mbar 5% HCl in He
and 1200 mbar He for 24 hours) are necessary every 200’000 pulses. 
- The available energy limits the accessible fluence and irradiated area. With the fluences re-
quired in our process, the deposition areas are generally limited to 4 x 4 mm2.
- The homogeneity of the pulse is not very good, mainly due to a non-understood process of
powder formation in the laser cavity. No beam homogenizer was added to this system.
Despite the technical limitations, this laser is chosen in this study for two main reasons: 
- The wavelength: similar studies were carried out with shorter wavelength excimer lasers (193
nm and 248 nm) but a longer wavelength usually allows a higher fluence threshold for degra-
dation of thermo-fragile substrates [180]. 
- The pulse duration: standard excimer lasers have a pulse duration of approximately 20 ns. For
identical fluences, a first naive thinking suggests that the longer the pulse, the smaller the peak
intensity for the same energy per pulse, and hence the lower the expected substrate degradation.
However, it should be mentioned that the technical limitations linked to our specific laser can
be overcome to develop further the work presented here. Other types of long pulse XeCl exci-
mer lasers have been developed for medical applications [181] (130 ns) and recently, long pulse
(250 ns) XeCl excimer lasers have been developed for a-Si crystallization applications and put
on the market by SOPRA, delivering a fluence of 1 J/cm2 over 40 cm2 [182]. 
The energy per pulse coming out of the laser is measured using a pyroelectric detector (New-
port, Model N°818J-50 B) connected to an oscilloscope (GOULD, Model N° 0S4020). The pre-
cision on the measured energy is around 10%. A typical temporal output profile of the
Figure II-2  Photo of the laser with he energy measurement system30
II - Description and general characterization of the LICVD system - Sample preparation and characterizationjoulemeter is presented in Figure II-3-A. More details about the measurement principle are giv-
en in Appendix A-3-1.
The laser is triggered by a computer, imposing the pulse repetition rate (0-100 Hz) and the de-
sired number of pulses. 
The used energy is manually regulated by an attenuator (see Appendix A-3-2). 
The temporal shape of the laser pulse was measured, and a typical profile is shown in Figure II-
3-B. A fast photo-diode for visible light, connected to an oscilloscope (LeCroy 9304AM Quad
200 MHz) was used to measure the fluorescence induced on a white sheet of paper by the UV
radiation. The pulse duration is typically 400 ns at the base, and 207 ns at full width at half max-
imum. 
Figure II-3-C shows the decrease of the laser intensity with increasing the repetition rate (the
energy is 30% lower at 50 Hz compared to 1 Hz). The variation of the pulse energy from one
pulse to the next one was measured on 100 successive pulses for different repetition rates (1 to
50 Hz). Figure II-3-D shows the increase of the standard deviation of the pulse energy to the
average value with increasing the repetition rate. 
Another characterization which would have been interesting in this work is the measurement of
the spatial profile of the beam. Due to the lack of a UV camera, this was not realized. But the
linear deposition rate dependence on the fluence which is shown in this work, makes it possible
to estimate the homogeneity of the used part of the beam from the deposited thickness inhomo-
geneity. Figure II-4-A shows an example of a deposit carried out with a non homogeneous beam
while Figure II-4-B shows an example of a deposit realized with a more homogeneous beam.
A) B)
C) D)
Figure II-3  A) Output pulse of the standard joulemeter, the maximum value is proportional to
the laser pulse energy, B) Temporal shape of the laser pulse measured by a fast photo-diode, C)
Evolution of the average pulse energy measured on 100 pulses with increasing pulse repetition
rate (error bar corresponds to extreme measured values) and D) Evolution of the standard de-
viation of the pulse energy with increasing repetition rate. 
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400 ns
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The beam homogeneity is influenced by the laser resonator alignment, but also by the powder
deposition taking place on the laser windows. In the best case, a fluence homogeneity of about
20% is obtained.
1-1-2  Collimating optics 
The incoming laser beam is first reflected by a dielectric mirror, and its size is then reduced with
an afocal telescope to a size slightly larger than the mask size (1.3 x 1.3 cm2 for typically a 1 x
1 cm2 mask). The role of this telescope is to reduce the beam size without losing too much en-
ergy, and to correct for some of the laser beam divergence by changing the positioning of the
lenses. Only the central part of the beam which is the more homogeneous is used on the mask.
The advantage of an afocal telescope (see Figure II-5-A) compared to a classical one with two
positive lenses is that it has no internal focal point where a high power beam could ionize the
surrounding air [183]. 
A plano convex positive lens L1 (f1 = +10 cm) is combined with a plano convex negative lens
L2 (f2 = -15 cm) to reduce the beam of a factor 1.5. All used lenses are UV-grade fused silica
without anti-reflection coating (Melles Griot), each one exhibiting a transmission of 92.4%. In
consequence, the telescope causes approximately a 2-fold increase of the laser beam fluence.
A) B)
Figure II-4  A) Example of a deposit carried out with a non homogeneous laser beam (Deposition
conditions: T=135°C, average fluence F=100 mJ/cm2, 4000 pulses) and B) Example of a deposit
carried out with a homogeneous laser beam (Deposition conditions: T=135°C, average fluence
F=100 mJ/cm2, 7000 pulses). 
A) B)
Figure II-5  A) Sketch of the afocal telescope, composed of two lenses L1 and L2 and B) Photo of
the experimental set-up of the collimating optics.
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1-2-1  Definition and masks used
A mask projection set-up (see Figure II-6-A) is used to realize a selective area irradiation on the
substrate. A mask is imaged on the substrate surface by a single lens. 
Different free standing masks were laser cut in 50 m thick molybdenum foil (Goodfellow),
with a point resolution of 30 m (SLAB group of the Institute of Applied Optics, EPFL).
The standard mask is a 1 x 1 cm2 square with additional 100 micrometer wide line features (see
Figure II-7-A). To study more precisely the deposit resolution, another mask is used (see Figure
II-7-B), which is described in detail in Chapter II-1-2-3-1. 
Additionally, to realize multi-level patterned deposits, a system of revolving masks was devel-
oped (see Figure II-8-B), whose schematic principle is presented in Figure II-8-A. Each mask
consists of several openings regularly distributed on an opaque disk. By rotating the disk around
an axis, the openings are successively placed in the irradiated area with precise control of the
angle. The openings are designed such that their images superimpose to form a pattern. An ir-
radiation with Ni pulses through each opening i of the mask results in a deposit with differently
exposed areas. Different shapes of masks based on this principle were realized and are also
shown in Figure II-8-B. 
A) B)
Figure II-6  A) Schematic mask projection set up used and B) Photo of the mask projection ex-
perimental set up
A) B)
Figure II-7  Free standing molybdenum masks A) Standard mask, with 100 micrometer line pat-
tern and B) Mask used to test resolution, with different lines and slits (see Chapter II-1-2-3-1)33
1-2-2  Optics positioning and fluence on the substrate
To realize a proper image of the mask on the substrate, the lens (fused silica, plano convex, focal
lens at 308 nm: f = 189 mm), the substrate and the mask must be positioned such that Equation
II-1 is realized. 
 Equation II-1
where a is the distance between the mask and the lens and b is the distance between the lens and
the substrate. The imaging factor G is then:
Equation II-2
The incoming pulse energy E (mJ/pulse) through the mask is measured and an approximate flu-
ence F on the substrate (irradiation energy per unit surface area per pulse) is calculated knowing
the area Am of the mask:   
Equation II-3
This fluence value does not take into account the energy loss due to the imaging lens and reactor
window (a transmission of 92.4% is measured for each element, mostly due to the reflections at
each interface). It also neglects the gas phase absorption in the reactor (which is calculated to
be between 4.5 and 15.4%, see Figure II-17-B). The effective fluence Feff on the substrate can
be calculated, defining a factor opt of proportionality (0.72 < opt < 0.82):
Equation II-4
Imaging factors G between 0.2 and 0.5 are normally used with a 1 x 1 cm2 mask, resulting in a
range of accessible fluences between 0 and 600 mJ/cm2. 
The reactor is placed on two x-y micrometric tables, allowing to move it in a plane perpendic-
ular to the laser beam. This allows to realize successive deposits in the same reactor load. 
1-2-3  Depth of focus of the system and importance of correct positioning of the optics
1-2-3-1  Resolution mask
To test the optical system, a special mask was designed, which is presented schematically in
Figure II-9-A. The pattern is a 1 x 1cm2 square containing: 
A) B)
Figure II-8  A) Schematic of the revolving mask principle and resulting deposit and B) Photo of
the experimental set up of the revoving mask system and shapes of the used masks.
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II - Description and general characterization of the LICVD system - Sample preparation and characterization- 4 free standing lines (widths: 130, 100, 70 and 30 microns), which convert into “undeposited
slits” in the deposition process. 
- 4 cut slits (widths: 130, 100, 70 and 30 microns), which convert into “deposited lines” in the
deposition process. 
Schematic cross sections of a deposited line and of an undeposited slit are presented in Figure
II-9-B. 
1-2-3-2  Test of the correct positioning of the optics
According to the lens equation (Equation II-1), with imposing the imaging factor G, the distance
from the mask to the lens a and from the mask to the substrate L must be fixed such that: 
Equation II-5
and
Equation II-6
are fulfilled. In this case a sharp image of the mask is obtained on the sample (f is the focal
length of the imaging lens). The experimental characterization of the mask projection system is
interesting to define the depth of focus and the resolution [184]. 
Experimentally in our set up, the mask to substrate distance is roughly fixed to the desired value
L (precision in the order of the millimetre) and the position of the lens a is afterwards optimized
(precision in the order of hundreds of microns). The optimization is realized such that the best
edge definition of the deposits is obtained, meaning that it can correspond to a factor G slightly
different from the expected one (± 10%). 
Using an imaging factor G = 0.4 (resulting in a = 66.1 and L = 92.6 cm), a series of deposits is
carried out varying the lens position over 8 mm and optical microscope images of the three ex-
treme cases are presented in Figure II-10.
These microscope images correspond to the three cases which are sketched in Figure II-11-A: 
- Figure II-10-B: the lens is in the right position a0 to generate the sharpest image possible on
the substrate. We define the correct image plane by the best edge definition of the deposits. Es-
pecially, the appearance and quality of the narrowest deposited line is an excellent indication of
a precise alignment of the optical set up. 
A)                                   B)
Figure II-9  A) Schematic of the mask used for the resolution study. On the left, shape of the laser
cut molybdenum mask and on the right, shape of the deposit obtained by the inverted and re-
duced image of the mask. B) Schematic cross section of a deposited line and an undeposited slit.
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- Figure II-10-A: the lens is too close to the mask: the true image plane corresponding to the
imposed distance a is in front of the substrate (and corresponds to a higher G). The deposited
areas appear narrower than in the correct image plane. 
- Figure II-10-C: the lens is too far from the mask: the true image plane corresponding to the
imposed distance a is behind the substrate (and corresponds to a lower G). The deposited areas
appear wider than in the correct image plane. 
To get a more quantitative understanding of the phenomenon, the widths of the wider patterns
(images of the 130 micrometre mask line and and of the 130 micrometre mask slit) are measured
with an optical microscope and are presented in Figure II-11-B. Moving the lens away from the
mask, the deposited line width gets wider and the undeposited slit width gets narrower. An in-
teresting point is that the two curves do not cut in the correct image plane position. In the correct
A)                                               B)                                                 C)
Figure II-10  Optical microscope images of deposits obtained for different lens positions A) lens
4 mm too close to the mask, B) correct lens position and C) lens 4 mm too far from the mask. The
deposited areas appear white on the images. The upper photos show the deposited lines whereas
the lower photos show the undeposited slits (the first undeposited slit is inclined due to the break-
ing of the corresponding mask line during the laser cutting). (Deposition conditions: T=60°C,
F=120 mJ/cm2, N=2000 pulses, glass substrate)
A) B)
Figure II-11  A) Different possible positions of the lens and B) Size of the wider deposit struc-
tures (deposited lines and undeposited slits resulting from images of the 130 micrometer wide
mask patterns) versus lens position.36
II - Description and general characterization of the LICVD system - Sample preparation and characterizationimage plane, the deposited lines are narrower than expected whereas the undeposited lines ap-
pear wider. This effect will be discussed in Chapter V-3-2-1. 
An experimental determination of the depth of focus of our imaging system is also carried out.
A polymer sheet (80 micrometre thick polyimide) is placed on an additional substrate holder
having an angle of = 45° with respect to the incident beam (see Figure II-12-A). The resolu-
tion mask image is projected on it at different vertical positions (translating the substrate holder
down with respect to the beam) resulting in the polymer ablation where the fluence exceeds the
ablation threshold value (experimental parameters applied: G = 0.21, F = 300 mJ/cm2, 200 puls-
es, 5 Hz). 
The obtained ablation patterns are observed with an optical microscope and are presented in
Figure II-12-B. The images of the mask slits (resulting in ablated lines) are a good hint to find
the image plane, as they are only visible on a small distance z (the larger the mask slit, the longer
z). This distance can be easily converted to a variation x of the distance L along the optical axis
on which the pattern is visible using Equation II-7: 
Equation II-7
x is respectively 3.3 mm, 2.4 mm, 1.1 mm and 0.6 mm for mask slit widths decreasing from 130,
to 100, to 70 and 30 m.
This value has to be compared with the theoretical depth of focus xth of our system, which is the
distance over which one can consider to be in the image plane. A rough estimation of it can be
obtained from the formula for the focalisation of a Gaussian beam through a lens (Equation II-
8, [185]): 
Equation II-8
where is the wavelength and D the used diameter of the lens.
For the same G, the effective used diameter of the lens is calculated to be approximately 2.2 cm
for the 30 m wide mask slit due to the diffraction between the mask and the lens (details on
this approximation are given in Appendix G-1). xth = 145 m is obtained. This theoretical value
is of the same order of magnitude as the experimental one. 
In conclusion, precise positioning of the optics is essential in our set up, and the depth of focus
to obtain a sharp image of the mask with the mask projection set up is only a few hundred mi-
A) B)
Figure II-12  A) Experimental determination of the depth of focus of our imaging system by pol-
ymer ablation on a tilted substrate and B) Optical microscope image of ablation along a tilted
polyimide substrate with the resolution mask: z is the distance on which the ablated lines are vis-
ible.
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crometres on the total set up length of 900 mm. Detailed tests of the resolution achievable with
this set up, provided the condition of good optical positioning is realized, is studied in Chapter
V. 
1-3  CVD chamber
Each part of the CVD chamber will be described in detail in this paragraph. 
1-3-1  Fused silica window
The laser is shined in the reactor through an uncoated fused silica window (Jena GMBH
Quarzschmelze, 2 mm thick), chosen for their transparency in the UV range. Preventing depo-
sition on the window is a crucial point, as titanium oxide based deposits are highly absorbing at
308 nm. The effect of such a contamination is shown in Appendix A-5. Several methods have
been discussed in literature to prevent deposition on the window in LICVD systems: the use of
a protective coating on the window [126] or a flow of an inert gas on the window (which is the
commonly used method). In our set up, a flow of dry nitrogen gas was directed on the window
(see Chapter II-1-3-3-2).
1-3-2   Substrate holder and substrate heating
A schematic of the substrate heating system is presented in Figure II-13-A.
Basically, the substrate (usual dimensions: 4 x 2 cm2) is sticked with some carbon conductive
tape (G3939, Agar) on the aluminium substrate holder plate. The substrate holder is heated by
a mica thermo-foil heater (Minco, 4 ohms). Its temperature is measured by a thermocouple
(temperature Tc), connected to a PID temperature controller (MINCO, N° CT-161-13). Depend-
ing on the thermocouple temperature and on the wanted temperature, the PID switches a power
supply connected to the heating elements (10 A, alternative current). Additionally, ceramic
plates were laser cut to prevent heating of all the metallic pieces in the reactor. 
The important temperature for the deposition process is the temperature of the substrate surface
(Ts). This temperature was measured in the case of a glass substrate using an Infrared camera
(Infrared imager thermotracer, FLIR). Details on these measurements are presented in Appen-
dix A-4-1.
The main results are that a homogeneity of 3 degrees is obtained on the substrate, provided it is
sticked homogeneously on the substrate holder by the carbon conductive tape. A simple linear
relation is found between the glass surface temperature Ts (°C) and the thermocouple tempera-
ture Tc (°C) for Tc varying from 30 to 250°C (Equation II-9):
 Equation II-9
A) B)
Figure II-13  A)- Schematic of the substrate heater and B) IR image of a glass substrate sticked
in the middle by a carbon conductive tape (T in °C, thermocouple temperature TC = 70°C)
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II - Description and general characterization of the LICVD system - Sample preparation and characterizationIn the rest of this work, the substrate temperature T reported corresponds to the instruction tem-
perature of the heating system. 
1-3-3  Gas flows 
The used CVD reactor is a horizontal pyrex tube (8 cm in diameter, 29 cm long), closed on both
ends by a stainless steel piece:
- the “entrance” piece holds the window and the gas inlets.
- the “exit” piece holds the substrate holder and the exhaust connection to the pump. 
The reactor can be considered as a “cold wall” reactor type, as the substrate holder is the only
heated part. 
The temperature of the inner side of the pyrex wall was measured with a thermocouple 10 cm
away from the window for different substrate holder temperatures Tc and with standard deposi-
tion conditions (see Chapter II-2-2). Results are presented in Table II-1:
Two successive reactor set ups were used: 
- A “preliminary” set up (Figure II-14-A and C) in which the gas introductions (carrier gas and
window purge gas) were carried out through a pyrex tube perpendicular to the main chamber
and in which the entrance piece only held the window.
Tc (°C) 60 110 160 210
Twall (°C) 27 36 41 47
Table II-1  Temperature of the inner side of the pyrex reactor wall versus the substrate holder temperature in stand-
ard deposition conditions measured 10 cm away from the window. 
A) B)
C) D)
Figure II-14  A) Schematic of the reactor geometry in the preliminary set up and B) Schematic
of the definitive set up geometry  and C) Photo of the “preliminary” set up and D) Photo of the
definitive set up
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- A “definitive” set up (Figure II-14-B and D) in which the entrance piece holds the window and
the gas introductions (carrier gas, window purge and possible additional additive gas). 
The main difference between the two set ups is the arrangement of the gas inlets: 
- In the preliminary set up, the carrier gas brings the precursor tangentially to the substrate, a
few millimetres away from it.
- In the definitive set up, the carrier gas brings the precursor normally to the substrate 14 centi-
metres away from it. 
1-3-3-1  Precursor
Titanium tetra-isopropoxide (TTIP) (Aldrich 97%, see chemical formula in Figure II-15-A) is
used as precursor in this work. It is a standard CVD precursor for titanium dioxide deposition.
It is the most volatile of the titanium alkoxides due to its low molecular weight combined with
its sterical bulkiness [186]. TTIP is a transparent liquid at temperatures above 20°C, highly re-
active with humidity. In the liquid phase, the presence of monomeric [187] or associated species
[188] is still under investigation. TTIP has got the advantage that it already contains the Ti-O
bond, which should not be broken by the 308 nm photons (bond energy: 444 kJ/mole [118]).
More data about this compound are given in Appendix C. 
The precursor is kept in a bubbler (schematic drawing given in [19]) and is transported to the
reactor by a carrier gas flow. In our experiment, a special bubbler is used to favour the saturation
of the precursor flow by creating small bubbles of the carrier gas in the precursor solution: the
end of the entering gas tube is equipped with a porous glass end (see Figure II-15-B). The bub-
bler is kept in an oil bath which is temperature controlled (temperature tpre) by a heating plate
with a thermometer feedback (IKA-LaborTechnik contact thermometer IK 263-330, heating
and magnetic stirring plate IK 255-410). The line from the bubbler to the reactor is heated with
a heater tape (Kurt J.Lesker) to avoid premature condensation of the precursor in the line. The
line temperature (TL) is regulated by a temperature controller (RKC, MF-1) connected to a ther-
mocouple placed on the line.
The precursor vapour pressure is determined by the temperature of the bath, following a Clau-
sius Clapeyron equation (Equation II-10 was determined by Siefering et al. [88] between tpre =
30 and 95°C, see Figure C-2): 
 Equation II-10
A) B)
Figure II-15  A) 3D schematic representation of the TTIP molecule and its molecular structure
and B) Photo of the bubbler equipped with a porous glass end to promote saturation of the gas
flow with the precursor. 
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II - Description and general characterization of the LICVD system - Sample preparation and characterizationWhen the system is at thermal equilibrium and assuming that all the gases obey the ideal gas
law, the precursor flow fpre carried out by the carrier gas flow fcar is:
[189,190] Equation II-11
where Ppre is the precursor pressure and Ptot the total pressure over the bubbler. 
The amount of precursor transported to the reactor was measured by condensing the precursor
coming out of the evaporation bubbler into two successive containers kept at liquid nitrogen
temperature (set up presented in Figure II-16-A), the total pressure in the system being kept at
Ptot  =  10 mbar (standard deposition pressure). Maintaining the precursor bath at tpre  =  30°C
and using 2 different nitrogen carrier gas flows: the standard value fcar  =  43 sccm and a higher
flow rate fcar  =  60 sccm, the amount of precursor condensed in the containers was weighted on
a balance (Mettler PM 460) as a function of time (see Figure II-16-B). A theoretical graph was
generated using the partial pressure equation of TTIP (Equation II-10) and Equation II-11: a
good agreement is shown between the experimental and the theoretical curves. It proves that the
carrier gas flow is saturated with precursor in standard deposition conditions, but also with a
40% higher carrier gas flow. 
TTIP absorption spectrum was measured in liquid phase, for different concentrations in solution
in isopropanol (see details in Appendix C-2-1). Figure II-17-A shows the average absorption
cross section calculated from the measurements. An absorption cross section of L =  (8.7 
x 105 cm2/mol is found at 308 nm. The large error bar on this value is due to the TTIP sensitivity
to water. However, this value is in good agreement with similar measurements carried out in
literature. Published values are: 7 x 105 cm2/mol [160] and 3 x 106 cm2/mol [128].
Assuming that this value is a good approximation of the gas phase absorption of TTIP, assuming
that there is a homogeneous TTIP partial pressure in the reactor and neglecting the absorption
of the other gases present in the reactor (oxygen, nitrogen, whose cross sections of absorption
at 308 nm are extremely low, see Appendix A-6-2), the amount of light absorbed in the reactor
between the window and the substrate (distance = 23 cm) is calculated to be around 15% (see
Figure II-17-B). Details on the calculation are given in Appendix C-2-2). 
1-3-3-2  Oxygen and nitrogen
The carrier gas, window purge gas and additive gas lines are connected to nitrogen and oxygen
bottles, allowing for each to choose between the two gases. Flows are controlled by 3 thermal
mass flow controllers (Brooks, model 5850E, see Appendix A-2-2 for detail) connected to a reg-
A) B)
Figure II-16  A) Schematic experimental set up used to measure the precursor flow and B) Re-
sults of the precursor flow measurements for two different carrier gas flows. 
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ulating box (Brooks, model 5878). All three mass flow controllers have a range 0-300 sccm, cal-
ibrated on argon for the carrier gas line and on nitrogen for the window purge and the additive
gas. The additive gas line, which is not exploited in the work presented here, should allow to
realize  co-depositions or sequential depositions with another material, or doping.
1-3-3-3  Gas phase composition
The gas phase composition is estimated in standard deposition conditions (given in Chapter II-
2-2-1). The alculations are described in detail in Appendix A-6 and the results are presented in
Table II-2. 
These values show that in our set up, the role of the atmospheric leak is not negligible, and that
the role of a reaction with the ambient controlled humidity (constantly 40%) is not excluded. 
1-3-3-4  Flow patterns
A modelisation of the flow patterns (Figure II-18) was carried out by Dr. Michel Pons (Labora-
toire de Thermodynamique et Physico-chimie Métallurgiques, Ecole Nationale Supérieure
d’Electrochimie et Electrométallurgie de Grenoble, Saint Martin d’Hères (France)). The calcu-
lation was carried out with the software Fluent, imposing the gas entrance temperature and the
substrate temperature, and based on a 2D simplified geometry of the reactor. The model takes
into account impulsion transfer, conductive, convective and radiative heat transfer, mass trans-
fer from O2, N2 and precursor. 
These calculations should not be over interpreted due to their assumptions, but they clearly ev-
idence that the flow pattern is not optimized in our set up. 
An experimental visualisation of the uniformity of the precursor flow on the substrate can be
obtained by looking at the deposit pattern coming out from thermal CVD carried out in mass
transport limited conditions. In standard deposition conditions, the thermal deposition occurs in
A) B)
Figure II-17  A) Optical absorption cross section of TTIP calculated from liquid phase spectra
and B) Calculated % of light absorbed by the gas phase between the window and the substrate
in standard deposition conditions (assuming PPpre= 0.1 mbar, TL = 60°C, = 8.7x105 cm2/mol).
% Partial pressure (mbar)
Oxygen 40.7 4.1
Nitrogen 56.8 5.7
TTIP 1.1 0.1
Atmospheric leak 1.4 0.14
Table II-2  Gas phase composition in standard deposition conditions42
II - Description and general characterization of the LICVD system - Sample preparation and characterizationkinetically controlled regime (see Chapter IV-3-1-1). The substrate temperature is increased to
300°C and the precursor bath is cooled to 15°C to visualize an influence of the flow on the de-
posit obtained. An homogeneity of 20% in the used area for deposition is measured. 
1-3-3-5  Pressure control
Two pressure gauges are placed in the system between the reactor chamber and the butterfly
valve: 
- An ionic pressure gauge (Datametrics 600), ranging from 1x10-3 to 1000 mbar, calibrated on
nitrogen. 
- A Baratron pressure gauge, ranging from 10-1 to 1000 mbar. The Baratron gauge is connected
to a control box (MKS, lAF 240). 
A butterfly valve (MKS control valve, 253A-1-40-1-SP) is used to impose the pressure (given
by the Baratron gauge) in the system through an exhaust valve controller (MKS 252). In this
work, the pressure is set to Ptot = 10 mbar. Details about the pressure gauges and their calibra-
tions are given in Appendix A-2-3-1. 
1-4  Exhaust
A primary pump (Edwards, 12 m3/h) is used to maintain the reactor under vacuum. In the ab-
sence of any incoming gas flows, a base pressure of 0.3 mbar is obtained. Two nitrogen traps
are placed between the reactor and the pump, to prevent contamination of the pump by some
precursor (or decomposed precursor) and to trap out possibly toxic compounds. 
The quality of the vacuum obtained in our set up is discussed in Appendix A-2-3-2. 
2  Experimental procedure of deposition
2-1  Standard deposition procedure
The standard procedure for deposition is described in detail in Appendix B. 
Briefly, it includes: 
- Introduction of the substrate, rinsed with isopropanol
- Pumping of the chamber to base pressure
- Positioning of the optics 
- Establishment of thermal and flow equilibria in the chamber
- Deposition with chosen process parameters. 
A) B)
Figure II-18  A) Flow modelisation with a 2D geometry and B) Visualisation of thermal CVD
deposition on the substrate. In the area used for deposition, a uniformity of 20% is obtained (the
right upper side of the picture corresponds to the part facing the precursor tube input).43
2-2   Deposition conditions
Ten independent deposition parameters are inherent to the system to carry out a deposition. Not
all of them are studied in detail in this work: after preliminary tests on the system, some of them
were fixed to “standard” values and others are studied systematically. 
2-2-1   Standard deposition conditions: constant parameters
The parameters which are kept constant in this work are listed below: 
- The thermostated bath precursor temperature tpre is normally fixed at 30°C, which induces a
0.15 mbar vapour pressure of TTIP (however, tpre influence is briefly looked at, see Chapter IV-
4-2)
- Oxygen is normally used as the carrier gas (influence of oxygen on the deposition process is
discussed in Chapter IV-4-1) with a flow of fcar = 43 sccm.
- The window purge gas is always nitrogen, with a standard flow of fwp = 60 sccm, which was
found to be sufficient to prevent deposition on the window. 
- No additive gas flow is used in standard conditions 
- The total pressure in the chamber is fixed at Ptot = 10 mbar. 
2-2-2   Systematically varied parameters
The parameters whose influence are studied systematically in this work are listed below: 
- The substrate temperature T is varied from room temperature to 210°C 
- The fluence F is modified in the range 0 to 600 mJ/cm2 
- The pulse repetition rate f is varied from 0 to 20 Hz. However, due to the better stability of the
laser at low repetition rates (see Figure II-3-C and D), 1-5 Hz values are used in most experi-
ments. 
- The number of pulses N is varied between 0 and 300’000. 
- The imaging factor G is varied from an experiment to the other, depending:
- on the range of fluences that are needed (the smaller G, the larger the possible fluence
range) 
- on the deposit surface necessary for further analyses. 
- Depositions are carried out on different substrates: standard microscope glass slides, silicon
wafers, SnO2: F coated glasses, ITO coated PET, and different polymers: PMMA, PC, PET, PI
(see details in Appendix H-1).
3  Deposition system reproducibility
The reproducibility with the preliminary set up was difficult to achieve. Especially, no succes-
sive deposits could be carried out on the same substrate, as the deposited thickness varied highly
with the time between the opening of the precursor flow and the 00000000000000000irradiation
beginning and also with the position on the substrate with respect to the precursor tube. 
In the definitive set up, a correct reproducibility is achieved, which is discussed below. 
3-1  x-y reproducibility, possibility of serial depositions 
Provided that thermal CVD on the whole substrate does not become a big issue (which means
working at substrate temperatures below 150°C), successive reproducible depositions can be
easily carried out on the whole usable area of the substrate (1.5 cm in the x-direction, 1.2 cm in
the y-direction). Examples of such successive deposits in same conditions are presented inFig-
ure II-19-A.When working at higher temperatures, the contribution from the thermal CVD in-
duces some slight thickness differences between successive deposits (see Figure II-19-B), due
to preliminary existence of a thermally deposited layer for the following pulses and to the addi-
tional thermal CVD deposition on top of the already realized deposits. 44
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The repetition of the same experiment within a series (same precursor load, 2 to 3 months du-
ration before cleaning up of all the gas lines) showed excellent reproducibility. However, some
discrepancy in the absolute growth rates values (up to 30%) were observed between series. It is
thought to be due to the instability with time of the precursor feed in the reactor, possibly due
to contamination effects already reported in literatures [86]. Nevertheless, no variation in the
physical or chemical properties of the samples deposited in different series but with the same
process parameters could be evidenced. 
4  Deposit characterization
The morphology and some physical and chemical properties of the deposited films were ana-
lysed by different techniques. 
The chemical composition of the deposits was determined by X-ray Photo-electron spectrosco-
py (XPS), which gives the atomic concentration of the elements present in the film (see Chapter
II-4-1). Raman spectroscopy also gives some information on the organic contamination remain-
ing in the film (see Chapter II-4-4). 
The crystallinity of the deposits was estimated by X-ray Diffraction (see Chapter II-4-3), which
gives information about the crystalline phases present in the film, as well as about a possible
preferred orientation of the crystals and an estimation of the average crystal size. Raman spec-
troscopy also enables to distinguish between anatase and rutile crystalline phase (see Chapter
II-4-4). The band gap measured by UV-vis spectroscopy (see Chapter II-4-5) or by ellipsometry
is also an indication of the crystalline phase. 
The optical properties of the deposited material (index of refraction and absorption coefficient)
are obtained either from UV-vis spectroscopy or ellipsometry. 
The morphology of the layers is studied by Scanning Electron Microscopy (SEM), Transmis-
sion Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). 
4-1  XPS
4-1-1  Principle
XPS (X-ray Photoelectron Spectroscopy), also referred to as ESCA (Electron Spectroscopy for
Chemical Analysis) is a chemical surface analytic technique which enables to determine the
atomic chemical composition of a material (for elements heavier than lithium). 
It is based on the analysis of the energy of the core photoelectrons emitted by the atoms under
irradiation by soft X-rays. This energy is characteristic of an element and sensitive to the oxi-
A) B)
Figure II-19  Reproducibility tests A) at 110°C: the 8 successive deposits carried out in the same
conditions are identical and B) at 210°C: slight differences are observed between the 8 succes-
sive deposits carried out in the same conditions, due to thermal deposition. 45
dation state and the chemical environment of the element. More details about the principle of
this technique are given in Appendix D-3. 
The analysed depth (depending on the X-ray energy and angle of measurement) lies typically
between 1 and 10 nm [191]. Depth profiling can be carried out, using sputtering of the surface
with energetic ions: however, this sputtering can induce several artefacts, such as mixing of at-
oms at the surface being sputtered, preferential sputtering of some of the components of the
specimen and implantation of the sputtering species [191].
4-1-2  Analyses carried out in this work
Measurements were carried out by Nicolas Xanthopulos at the Laboratoire de Métallurgie
Chimique ( Département des Matériaux, Ecole Polytechnique Fédérale de Lausanne). 
A Kratos Axis ultra spectrometer is used, using irradiation by a monochromated Al K source
(1486.6 eV) under normal incidence and operated under UHV pressure conditions (P =
 torr). To compensate for the charging effect, an electron shower is applied and addi-
tionally, all the spectra are shifted so that the C1s surface contamination peak is positioned at
285 eV (characteristic of hydrocarbons). To clean the surface from the contamination layer,
sputtering is carried out by an Ar+ beam at 2 keV, with a typical ablation rate of 2 nm/min. 
The quantification of the chemical composition of the samples is realized using the area under
the peaks (with a linear base line subtraction for C and O and a Shirley base line subtraction for
Ti), with sensitivity factors of respectively 2.001 for Ti 2p 3/2, 0.780 for O1s and 0.278 for C1s. 
4-1-3  Literature data about TiO2 analyses by XPS
4-1-3-1  Position of the bands
Data from the literature are summarized for the Ti2p peaks (Table II-3), for the O1s peak (Table
II-4) and for the C1s peak (Table II-5) for TiO2 as well as for possible contaminants in the de-
posits (suboxides, TiC, TiN, adsorbed contamination layer). 
The spectra are normally referenced to the C1s line of hydrocarbons at 284.6-285 eV. 
Ti2p appears as a doublet (area in the ratio 1/2) with a peak for Ti 2p 1/2 at 464 eV and a peak
at 458.6 eV for Ti 2p 3/2. Shoulders at lower binding energies are characteristics of the presence
of suboxides. 
TiC TiN Ti 2+ 
(TiO)
Ti 3+ 
(Ti2O3)
Ti 4+ 
(TiO2)
Ti 2p 3/2 455.4
[192]
455.1 (0.4)
[193]
455.5 (0.7)
[194]
456.2 
[168,195-
199]
454.8
[178]
456.7 (0.4)
[38,168,178,
194-200]
458.6 (0.6)
[38,168,178,
194-201]
Ti 2p 1/2 460.5 (0.5)
[197,198]
462.5 (0.4)
[197,198]
464 (0.5)
[194,195,19
7,198,200,20
1]
Table II-3  XPS Ti 2p peak positions for different chemical environments.
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II - Description and general characterization of the LICVD system - Sample preparation and characterizationO1s gives a peak at 530 eV for TiO2, while peaks at higher energies are characteristic of defects
(suboxides, or adsorbed layers: OH, H2O, CO groups). 
C1s gives a peak positioned around 285 eV. Presence of a shoulder at lower energies shows the
presence of carbides while shoulders at higher energies shows the presence of adsorbed CO. 
4-1-3-2  Sputtering 
Several authors have pointed out that some reduction of the TiO2 is induced by sputtering with
energetic ions, by preferential removal of oxygen [194,197,198,201,203-205]. 
4-2  SEM
4-2-1  Principle
In Scanning Electron Microscopy (SEM), the sample surface is scanned with a focused electron
beam. Backscattered electrons from the surface or secondary electrons can be measured with
two different detectors. 
Secondary electrons are due to ejection of electrons by ionization of the sample atoms under the
primary electron beam. As the secondary electrons come from close to the surface, they give a
high resolution image.
Backscattered electrons are electrons from the primary beam which come out of the sample after
losing some of their energy in it. They come from deeper in the sample, so the surface image
resolution they give is lower than with the secondary electrons, but “chemical contrast” images
due to variation of the atomic number in the sample can be obtained.
4-2-2  Images taken in this work
A Philips XL30 FE-SEM microscope from the CIME (Centre de Microscopie Electronique, EP-
FL) was used. All images were recorded with the secondary electron detector, with the primary
electron beam normal to the sample surface. 
No conductive coating was added on the sample surface, therefore images were normally taken
with a low accelerating voltage (3-5 keV) to reduce charging effects. 
TiO TiO2 Ti2O3 OH CO 
adsorbed
H2O or O2 
adsorbed
O 1s 528.3
[196]
530 (0.1)
[38,194-
196,200-
202]
531 (0.5)
[194,196]
531.5 
(0.5)
[38,200-
202]
532.1 
[194]
533 (0.6)
[38,194,19
6,200]
Table II-4  XPS O1s peak positions for different chemical environments.
Ti-C Hydrocarbons CO
C1s 282 (1)
[100,194]
284.6 (0.5) 287.9 
[194]
Table II-5  XPS C1s peak positions for different chemical environments.47
4-3  XRD
4-3-1  Principles
The X-ray Diffraction technique (XRD) [206] is a standard method to determine the crystalline
phases of a material, the angular positions (usual scale 2) being related to the characteristic dis-
tances of the crystals (see Appendix D-1). Looking at the relative intensities of all the peaks of
a same crystalline phase with respect to the standard values, it also indicates a possible prefer-
ential orientation of the material. 
Additionally, the width of the diffraction peaks gives information on the crystal size present in
the analysed material. Scherrer developed a model in which broadening of the XRD diffraction
peaks results only from small crystallite size alone. The derivation of its equation (Equation II-
12) was based on Gaussian line profiles arising from small cubic crystals and lead to K = 0.94.
A simplified derivation was done by Bragg employing the ordinary principle of optical diffrac-
tion, using a platelet shape crystal, and lead to K = 0.89 [206].
Equation II-12
where  is the mean dimension of the crystallites, K is a constant related to the crystallite shape,
 is the X-ray wavelength,  is the diffraction angle, w is the width of the peak on the 2 scale
in radians and wst the width of a monocrystal standard peak. K = 0.9 is used in literature [207].
4-3-2  Analyses carried out in this work
The small LICVD deposit areas (few millimetres square) combined with their small thickness
(few hundred nanometres) usually makes it difficult to realize XRD analyses. The difficulty to
analyse thin films has already been pointed out in literature [208].
However, such analyses were realized by Prof. Kurt Schenk (Institut de Cristallographie, Bâti-
ment des Sciences Physiques, Université de Lausanne), using a radiation CuK1 (=1.54056 A),
using a 1 night acquisition time. These analyses enabled to detect very small crystals with a rea-
sonable signal to noise ratio. 
XRD analyses were also carried out in a normal way using also  =1.54056 A by Dr. Pedro
Moeckli (Laboratoire de Ceramiques, Département de Matériaux, Ecole Polytechnique Fédé-
rale de Lausanne) on thicker films. 
4-4  Raman spectroscopy
4-4-1  Principle
Raman spectroscopy provides information on the vibrational frequencies of a molecules, though
allowing to identify groups present in the analysed sample. More details about the principle are
given in Appendix D-4. 
4-4-2  Raman spectroscopy of titanium dioxide: literature data
Raman spectroscopy is a very powerful technique to look at the crystallinity of a sample, and
enables to distinguish easily between amorphous, anatase, rutile or brookite material. Compared
to XRD analysis, it is faster and requires smaller amounts of material [209], enabling to look at
very thin film crystallinity (down to 7 nm has been reported [210]). 
4-4-2-1  Positions of the bands for TiO2
Anatase has the group symmetry D4h14(I41/amd) and has 6 Raman active modes (A1g + 2 B1g +
3 Eg), whose band positions have been attributed and are summarized in Table II-6.  

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II - Description and general characterization of the LICVD system - Sample preparation and characterizationRutile has the group symmetry D4h19 (P42/mnm) and has 4 Raman active modes (A1g + B1g +
B2g +Eg), whose band positions have been attributed and are summarized in Table II-7. 
Data for these two phases are reported in several publications [211-218]..
Additionally, rutile normally exhibits a strong band at 235 cm-1, whose origin is discussed (dis-
ordered band, second order scattering process) [212,214,219]. Other bands have also been re-
ported in literature: a band between 320 and 360 cm-1 [215] for rutile and a band around 320 cm-
1 for anatase [211]..
Only a few reports deal with Raman spectroscopy of brookite [209,218], whose specific bands
are not clear. 
Amorphous TiO2 thin films exhibit no peaks [213,218,220].. 
An interesting point about Raman spectroscopy of titanium dioxide is that a spectrum of a mix-
ture of polycrystalline TiO2 can roughly be analysed as the superposition of the spectra of the
different single crystals [214].   
4-4-2-2  Quantification of the composition between anatase and rutile
Several authors have shown that, provided a calibration is carried out (for instance with XRD),
the ratio of the 143 cm-1 peak and the 612 cm-1 peak varies linearly with the ratio anatase/rutile
in the material [221]. This method is proposed as an industrial technique in the manufacture of
pigments to quantify the composition of the produced pigments between anatase and rutile [2]. 
4-4-2-3  Structural information from peak energy shift and broadening
Shifts in the band position have been given different interpretations (oxygen deficiency, crystal
size or stresses): 
- some modes were reported to be sensitive to O2 deficiency: 
- a shift of the 143 cm-1 band to a higher frequency in anatase [214,222]. 
- a shift of the 447 cm-1 band to a lower frequency in rutile [214,215,222].
- a shift of the 612 cm-1 band to lower frequency in rutile [223].
- Kelly et al. [224] showed by comparing modelling and experiments that the particle size has
a combined effect on the peak asymmetry, broadening and shifting. They evidenced a broaden-
ing of the 143 cm-1 band of anatase with reducing the crystal size and a simultaneous shift of
this peak toa  higher frequency. 
- Friedrich et al. [225] proposed that the shift of the 143 cm-1 band of anatase to a higher fre-
quency is due to compressional stresses. 
4-4-2-4  Size of the crystals with very low frequency Raman spectroscopy
A very low frequency Raman band can be measured around 20 cm-1: the position of this band
is inversely proportional to the mean diameter of spherical crystallites [226-229]. This tech-
Shift 
(cm-1)
143
(very s)
197
(w)
320 395
(m)
515
(m)
640
(m)
796
Mode Eg Eg ?[211] B1g B1g + 
A1g
Eg B1g over-
tone
Table II-6  Anatase Raman shifts (intensity: s: strong, m: medium, w: weak)
Shift 
(cm-1)
143
(w)
235
(s)
320-360 447
(s)
612
(s)
826
Mode B1g ? ? [215] Eg A1g B2g
Table II-7  Rutile Raman shifts (intensity: s: strong, m: medium, w: weak)49
nique is very powerful, but it is always difficult to obtain data at so low frequencies, because
very efficient and sharp filters are needed in order to suppress the elastically scattered light. 
4-4-3  Other interesting bands in the spectrum
Turkovic et al. [223] observed a line at 1358 and 1598 cm-1 on films synthesised by CVD and
annealed in H2: they attributed these bands to the adhesion of H on TiO2 leading to Ti-H bands.
However, another explanation could be the presence in those films of graphitic carbon, whose
characteristic bands are the G band at 1580-1600 cm-1 and the D band at 1350 cm-1 [230,231]. 
Langlade et al. [232] inducing rutile reduction by UV-irradiation reported the apparition of two
broad bands at respectively 350 and 510 cm-1, which are found to be in very good agreement
with suboxide Ti4O7/Ti5O9 references.
Glass substrates exhibit no particular features on the Raman spectra, while silicon substrates are
known to have 3 bands (weak band at 305 cm-1, intense band at 520 cm-1 and intense broad band
at 920-1045 cm-1 [233]). 
4-4-4  Raman analyses carried out in this work
4 different Raman installations were used in this work: 
- some measurements were carried out by Dr. Emmanuel Haro-Poniatowski (Departamento de
Fisisca, Universitad Autonoma Metropolitania-Iztapalapa, México, Mexico). The 514.5 nm line
of a Ar+ laser was used as excitation source. The measurements were carried out in a backscat-
tering configuration, using a 300 mW energy on a 100 m diameter spot. 
- some other measurements were carried out on thick films in transmission mode by Dr. Robin
Humphry-Baker (Laboratoire de Photonique et Interface, Département de Chimie, Ecole Poly-
technique Fédérale de Lausanne), using an excitation wavelength of 468 nm, a laser power of
200 mW and a 40 m diameter spot, with 256 s of acquisition. 
- another series of measurements was carried out at the Paul-Scherrer-Institute, using a confocal
Raman microscope in a backscattering geometry (Kr+ 530.9 nm excitation source, 2 micron la-
ser spot on the substrate, 100 mW).
- finally, some measurements were carried out by Prof. J. Mugnier (Laboratoire de Physico-
chimie des Matériaux Luminescents, Université Claude Bernard, Lyon 1, France). A XY Dilor
triple spectrometer followed by a nitrogen cooled charge couple device multi channel detector
was used. The laser source was a 2016 type Spectra-Physics Argon laser beam ( = 514.5 nm,
operated at 40 mW, on a 10 x 10 m2 area).50
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4-5-1  UV-vis-NIR spectroscopy
4-5-1-1  Measurement principle 
UV-vis-NIR spectroscopy measures the light transmitted or reflected by a sample as a function
of wavelength. Two different modes can be used: 
- Absorption mode means the light transmitted through the sample (in our case generally, both
the thin film and the substrate) is measured (Figure II-20). It can then be corrected by a calibra-
tion to subtract the absorption of a blank (for a thin film measurements, the blank can be the
substrate for instance). Another presentation of the absorption data are in transmission mode,
both scales being related by:
 Equation II-13
where Ab is the absorption, Tr is the transmission, I0 is the incident intensity and I is the trans-
mitted intensity.
- Reflectivity mode means the light reflected by the sample is measured (with an integrating
sphere, either measuring all the diffuse reflection or only the specular reflection in a special con-
figuration). In our case generally, films deposited on a substrate are considered (see Figure II-
20). 
When some light is shined on a transparent layer such as TiO2 deposited on a substrate, it is par-
tially reflected (r1) and transmitted (t1) to the transparent layers. The transmitted part is then also
partially reflected (r2) and transmitted to the substrate (t2) and so on (as presented schematically
in Figure II-20). The reflectivity coefficient at an interface can be calculated using Equation G-
6. 
The wave which is reflected on the film-substrate interface and the wave which is reflected on
the atmosphere-film interface have enough spatial coherence (due to the thin film thickness) to
interfere. Therefore, the reflectivity and the transmission spectra exhibit interference fringes
(details about this interference process is discussed in Appendix D-2-2). These interference
fringes can be used to determine the index of refraction of the material, knowing the geometrical
thickness of the film. 
4-5-1-2  Measurements carried out in this work
A UV-Vis-NIR spectrometer (Perkin Elmer, Lambda 19) is used to realize measurements in ab-
sorption mode or reflectivity mode as a function of the wavelength. 
Figure II-20  Principle of UV-VIS-NIR measurements in transmission and reflectivity
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In transmission, the measurements are carried out comparing a sample beam to a reference beam
after preliminary calibration. 
In reflectivity, the diffuse reflectivity is measured with respect to a spectralon standard between
250 and 800 nm, with an incident angle of 8°, which will be considered in first approximation
as normal incidence in the calculations. 
4-5-2   Ellipsometry
4-5-2-1  Principle
Ellipsometry [20] is an analysis technique which enables to characterize the material optical
properties and/or the thin film thickness. 
A linearly polarised beam with oblique incidence is reflected on the sample. The light polarisa-
tion of the reflected light is modified to elliptic by the reflection. The variation of the polariza-
tion state of the light is measured. The reflection of the two incident light components: parallel
(rp) and perpendicular (rs) to the surface is different: the fundamental equation of ellipsometry
is the complex ratio of the reflection coefficients of these two components: 
Equation II-14
 is the phase difference between the p and s components before and after reflection and  is
the relative amplitude ratio of the reflection coefficients. 
rp and rs are complex functions of the angle of incidence, of the wavelength, of the optical con-
stants of the substrate and film(s) and of the layer thicknesses. 
The fit of the parameters with an optical model is used to determine the values of tan() and 
and provides the layer thickness and the optical constants. 
4-5-2-2  Measurements carried out in this work
The measurements and the treatment of the data to extract the optical parameters of the depos-
ited material were carried out by Dr. O. Banakh, at the Laboratoire de Microstructuration et
d’Optoélectronique (Ecole d’Ingénieurs du Canton de Neuchâtel, Le Locle, Switzerland). 
A spectral ellipsometer with phase modulation (Uvisel HR 460, Jobin-Yvon S.A.) was used. 
Using a Xe discharge lamp having a continuous spectrum from UV to IR combined with a mon-
ochromator, spectra were recorded from 0.75 to 4.5 eV. The measurements were carried out
with an incidence angle of 70.9° with a light spot of 50 micrometres. 
The data were deconvoluted using the Delta-Psi software, with a fitting procedure based on: 
- a modelisation of the system with different layers: Si substrate // TiO2 dense layer// roughness
layer.
- the roughness layer is modelled considering 50% TiO2 / 50% void, as modelled by Bruggeman
EMA. 
- the optical function of TiO2 is modelled using the dispersion formula for amorphous and crys-
talline semiconductors. 
4-5-2-3  Results
The ellipsometric measurements give the real part n and the imaginary part k of the index of
refraction, as well as the film thickness and the roughness layer thickness. 
The absorption coefficient  (cm-1) can be derived from k using Equation G-6. 
4-5-3  Band gap determination
The analysis of the shape of the near-ultra-violet absorption and the determination of the band
gap of TiO2 considered as a wide band gap semi-conductor material are interesting and give in-
formation on the crystalline state of the material [234]. 
Rel
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II - Description and general characterization of the LICVD system - Sample preparation and characterizationA determination of the band gap can be carried out using the Tauc’s model [235] and the meas-
ured absorption coefficient : 
Equation II-15
where Bg is a constant, h the Plank constant,  with c is the speed of light and Eg is the
band gap. 
n = 2 for the indirect band gap [11] and n = 0.5 for the direct band gap [196]. 
A Tauc plot consists in plotting (h)1/n as a function of h[236]: Eg is then obtained as the op-
posite of the ratio between the intercept and the slope. 
4-6   Profilometry
Mechanical profilometry is a rapid and simple method to evaluate the thickness of a deposit and
its roughness, close to a layer-substrate step. A stylus is scanned over a line and suffers a vertical
displacement following the sample profile. 
In this work, a mechanical profilometer Alpha Step 200 (Tencor instrument) with either a 12.5
micrometre or 1.5 micrometre diameter tip was used, with a 6 mg weight on the tip. Claimed
resolution of the measurements are in the vertical range, 5 A (in nanometric vertical scale) and
5 nm (in micrometric vertical scale) respectively, for a lateral resolution of 400 A.
Additionally, some 3D mapping was carried out at the Paul Scherrer Institute by Mark Hauer
on a Dektak 8000 profilometer. 
The limitations of this technique can come from different points: 
- base line establishment (round base lines are often observed for long scans)
- feature to measure in the same scale as the tip diameter 
- the deposit is too soft and is scratched by the diamond tip. 
4-7  AFM
4-7-1  Principle
Atomic Force Microscopy (AFM) is based on the measurement of interaction forces between a
tip which scans the sample and atoms from the sample surface. The deviation of the tip is meas-
ured and allows to obtain high resolution 3D images of the surface topography in (x, y and z).
Different mode of measurements exist: the contact mode is the most commonly used, usually
keeping the distance tip-sample constant and measuring the force. 
More details about the AFM principle are given in Figure D-4. 
4-7-2  Measurements carried out in this work
The measurements were carried out by Dr. Gerit Jänchen (Institut d’Optique Appliquée, Dépar-
tement de Microtechnique, EPFL). A Topometrix Force AFM was used, with a standard Si3N4
cantilever having an elastic constant k=0.06N/m. 
4-8  Optical microscopy
A microscope (Zeiss) was used to make optical images of the deposits. Available magnification
factor on this microscope ranged from 2.5 to 50, multiplied by a x 10 ocular. Images can be re-
corded with a colour CCD camera (Sony, 3CCD colour video, Model DXC 950 P).
4-9  TEM
Transmission Electron Microscopy measures the transmitted electrons through the sample to
study. Therefore, only very thin samples can be looked at, and usually, TEM requires prepara-
tion techniques to make the sample thin enough to be transparent to the electrons. 
h Bg h Eg–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4-9-1  Measurements carried out in this work
Some samples were prepared and analysed by Dr. Arnaud Brioude at the Département de Phy-
sique des Matériaux, Université Claude Bernard. 
4-9-1-1  Sample preparation
Samples analysed were deposited on silicon substrates. They were first sticked with a resin and
mechanical polishing of the Si was carried out on the back side of the samples. The resin was
then diluted in trichloromethane. The Si was further selectively etched chemically by a HF
based solution. Areas of the film over which all the Si substrate was removed were then ana-
lysed. 
4-9-1-2  TEM analyses
Conventional transmission electron microscopy studies were performed on a TOPCON EM-
002B working with an acceleration voltage of 200 kV. Electron diffraction patterns and high
resolution images were also recorded. 
Additionnaly, some cross sections of deposited films on polymer substrates were prepared and
analysed by Pr. Philippe Buffat and Danièle Laube, from the CIME, EPFL. 
5  Conclusions
A home made LICVD system is set up to study deposition of titanium dioxide from titanium
tetra isopropoxide titanium in an oxygen/nitrogen atmosphere under a standard total pressure of
10 mbar. A special 250 ns long pulse XeCl excimer laser is used as a laser source and irradiation
is carried out through a mask projection set up. 
Physical and chemical properties of the deposits are looked at. 54
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temperature rise
A calculation of the temperature rise induced by laser irradiation in the LICVD process
allows to know at which temperature the material is really synthesized and to under-
stand the possible damages that the substrate might undergo. In this chapter, a numer-
ical approach of this temperature rise calculation is implemented, based on heat
dissipation by conduction, and its assumptions are discussed. The algorithm is applied
to estimate the temperature rise obtained on different substrates in our experimental set
up, with and without the presence of a TiO2 thin film. The results are helpful to analyse
the experimental data obtained in Chapter IV concerning the deposition on “classical”
substrates and in Chapter VI dealing with deposition on “thermo-fragile” substrates. 
1  Introduction and state of the art
The process temperature is a key parameter of the LICVD process. As a matter of fact:
- the surface temperature plays an important role in the surface reaction
- the temperature deeper in the deposited material and in the substrate influences the properties
of the synthesized material and can induce thermal interactions with the substrate. This is par-
ticularly important when the possibility to use thermo-fragile substrates is discussed.
The process temperature is the result of both the constant substrate heating required for the proc-
ess, and the (pulsed) temperature rise due to the (pulsed) laser irradiation. Therefore, a lot of
effort has been devoted to estimate the temperature rise due to the laser irradiation. A common
problem to all these estimations, which is also met in this work, is the lack of reliable measure-
ments to confirm the experiments as well as the lack of knowledge of the thermo-physical and
optical parameters of the materials. 
The aim of this chapter is to evaluate the temperature rise due to the perpendicular irradiation
with the laser used in this work (250 ns long pulse 308 nm XeCl laser), both at the surface and
deeper in the material, with or without a deposited film on the substrate. Two subjects are
looked at in more detail: 
- An estimation of the temperature at which the TiO2 film is synthesized on the whole range of
experimental fluences used, considering “classical” substrates like glass, silicon or quartz. 
- An estimation of the thermal interaction that can take place with the substrate, especially in
the case of thermo-fragile substrates like polymers. 
2  Temperature rise by laser irradiation: calculation principles
The basis of the surface temperature rise evaluation is a balance between incoming and outcom-
ing heats. The incoming heat usually originates from the light absorption in the irradiated ma-
terial and the chemical reaction enthalpy (this last term being normally negligible). The
outcoming heat is evacuated by heat conduction in the material, by natural convection over the
substrate or by radiation. Usually, heat conduction is the dominant term. Therefore in this work
we will only consider incoming heat due to light absorption and outcoming heat by conduction.
The incoming heat is calculated with the assumption that absorbed light energy is transformed
instantaneously to heat. 
2-1   Description of the studied system and presentation of the calculation technique
We consider the case of a spatially uniform pulsed laser irradiation carried out on the (x, y) sur-
face plane of a solid sample, the laser beam travelling in the z-direction (see Figure III-1) and55
we assume additionally that the irradiated area is large enough compared to the heated sample
thickness to neglect edge effects. This corresponds fairly to the irradiation in our LICVD set up
where some square millimetres are normally irradiated. 
2-2  Analytical solution 
An analytical solution (temperature rise as a function of depth z and time t) of the unidimension-
al heat equation describing the problem is found in literature [103]. Additional assumptions are
made in this calculation: 
1. The irradiated solid is a bulk material, semi-infinite, homogeneous in the z-direction, under-
going no phase change under irradiation.
2. The thermal parameters (thermal diffusivity D, thermal conductivity , heat capacity cp)
and the optical parameters ( reciprocal light penetration depth, R: reflectivity) are
assumed to remain constant at all considered temperatures. 
3. The temporal laser pulse profile is rectangular: a constant power is delivered over the whole
pulse duration  (rectangular beam intensity shape with time), leading to a total fluence F
(energy per pulse per surface area). 
 During the pulse, the temperature rise T can be described by: 
Equation III-1
The temperature cooling after the pulse is described in the case of an infinite  as [103]: 
 Equation III-2
(Mathematical definitions of the error functions erfc and ierfc are given in Appendix G-3-2). 
Figure III-1  Schematic description of the system considered for the laser induced temperature
rise simulation.
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III - Theoretical estimation of irradiation induced temperature rise2-3  Numerical calculation
2-3-1  Calculation basis
To overcome the drastic assumptions of the analytical model, a numerical approach of the prob-
lem can also be carried out, allowing to describe better the real situation. The temperature de-
pendencies of the thermal and optical parameters, a complex temporal laser pulse profile, a
possible inhomogeneity in the z-direction and eventually phase changes upon irradiation are
data that can be input to the modelisation. 
In this work, a simple model is used, taking into account the true temporal pulse shape and the
variations of the thermal constants D and cp with temperature. The calculation also offers the
possibility to model a film on top of a substrate. The algorithm described below was implement-
ed by F. Wagner using the programming language Delphi resulting in a user friendly Windows
executable file. 
In the z direction, the substrate is divided into Nz slices of equal thickness z labelled with in-
teger i (i = 0 for the surface layer, see Figure III-1). A film can be defined on a substrate material:
the film thickness is then a multiple of z and the index i = ifs, indicates the first layer of the
substrate. 
The time scale is divided into Nt time steps t: for each time stept indexed j, all the layer tem-
peratures (T(j,i)) are calculated from the layer temperature of the previous time stept indexed
(j-1). Only one laser pulse of duration is modelled, starting at j = 0.
The border conditions are that:
- At initial time, all the material is at a temperature To
- The deepest layer considered is assumed to remain at To.
For each time step j and layer i an energy balance is calculated, between the absorbed light in
the layer i during time step j and the energy lost (or won) by conduction to (from) the layers
(i+1) and (i-1), based on the temperature values they had at the time step (j-1).
2-3-2  Principle of the algorithm for a time step j
A precise description of the algorithm implemented in the numerical calculation is given in Ap-
pendix G-3-1. 
Briefly, it consists in: 
1. Evaluating the incident light energy Io during the time step j (from the temporal pulse pro-
file P(t) and the fluence F)
2. When a film is present, evaluating the intensity profile in the film If, which is the coherent
sum of two waves: the transmitted light at the film-atmosphere interface I1 and the back
reflected light at the film-substrate interface I2. 
3. Calculating the intensity profile I3 in the substrate. 
4. Knowing all the intensity profiles, calculating for each layer i the absorbed light energy Ql.
5. From the temperature profile at the previous time step (j-1), evaluating for each layer i the
heat Qhc exchanged by heat conduction with the neighbouring layers using Fourier’s law. 
6. Finally, the temperature of all the layers is changed according to their heat capacity and
their calculated increase or loss in energy (Ql + Qhc), and the calculation of the next time
step (j+1) begins. 
2-3-3  Important considerations for the numerical calculation: possible error sources
To run a numerical calculation, several sets of data have to be known, which is often a difficult
task. These parameters are listed below: 
- The thermal and optical properties of the film and substrate material. These include for each
material the heat diffusivity, the heat capacity, the density, the absorption, and the index of re-
fraction. 
- The true laser pulse shape P(t) and its coherence length dco.57
The input data which correspond to the reality of the simulated situation: 
- the process temperature To.
- the fluence F.
- the film thickness e.
The numerical calculation parameters: the slide thickness z and the number of slices Nz, the
slide time t and the number of time steps Nt must be chosen such that some criteria are fulfilled: 
- The convergence criteria (given by Baeri, [237]) must be realized:
 Equation III-3
which can also be expressed as a function of D, knowing the relation between the thermal coef-
ficients: 
Equation III-4
In the case that a film is considered on a substrate, t and z must be chosen such that Equation
III-3 is true for both materials and at all temperatures. 
- The total considered thickness must be large enough not to induce a too important error due to
the assumption that the last considered layer remains at To. 
- Most of the light should be absorbed in the depth considered for the calculation, especially in
the case of an absorbing material in which the light absorption is responsible for a high temper-
ature rise. 
As a criteria for that, the light absorption undergoes an 1/e decay over the optical penetration
depth l: 
Equation III-5
- The depth on which the heat due to the irradiation diffuses in the material must be taken into
account in the calculation.
A) B)
Figure III-2  Influence of the total depth on which the calculation is carried out: example of a
numerical calculation carried out on bulk silicon and compared to the analytical calculation, in
the case of a sufficient depth calculation and in the case of an insufficient depth calculation. A)
Depth profile of the temperature rise at the end of the 200 ns rectangular pulse. B) Time profile
of the surface temperature rise. 
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III - Theoretical estimation of irradiation induced temperature riseFor an irradiation with a pulse of duration , this thermal diffusion length is: 
Equation III-6
However, for calculations on longer time scale than the pulse duration, the “cooling” propagat-
ing from the last layer kept at T0 becomes important, and higher depths should be considered. 
An example of depth profiles calculated for the irradiation of silicon with respectively an insuf-
ficient and a sufficient depth are presented in Figure III-2. In fact, it was found in this work that
using a thickness superior to twice the biggest of the two values l and l is sufficient to obtain
significant results. 
2-4  Results obtained
As a result of the calculations (either analytical or numerical), a 3D plot of the temperature rise
versus time and depth can be generated. Examples of such plots are presented in Figure III-3. 
Figure III-3-A shows the example of an analytic plot for bulk titania (200 ns rectangular pulse
and F = 200 mJ/cm2), and Figure III-3-B shows the example of the corresponding numeric plot
taking into account the improvements of the numerical simulation for a 200 nm thick titania film
on silicon .   
A)
B)
Figure III-3  Examples of results of the calculations: A) for a bulk titania material using the an-
alytical model, with a 200 ns rectangular pulse, F = 200 mJ/cm2. The formula for finite absorp-
tion was used for the heating, and for the cooling the formula for the case of infinite absorption
was rescaled in order to obtain a continuous plot at all depths. A maximum surface temperature
rise of 575 K is obtained. B) for a 200 nm thick film of titania on silicon using the numerical mod-
el (true pulse shape, constant variation with temperature, To = 413.15 K, F = 200 mJ/cm2). A
maximum surface temperature rise of 220 K is obtained. (Left images:3D plot. Right images:
contour plot, each of the 10 colours correspond to 10% of the maximum temperature rise). 
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3  Validation and analysis of the implemented numerical calculation
The aim of this paragraph is: 
- First, to validate the numerical calculations comparing them with the exact analytical solution. 
- Secondly, to estimate how important the different improvements that the numerical simulation
allows (parameter variation with temperature, true temporal pulse shape, presence of a sub-
strate) are. Figure III-3 gives a good example of the discrepancy of the results that can be ob-
tained compared to the simple analytical model: a maximum temperature rise of 575°C is found
with the analytical model for bulk titania while a maximum temperature rise of 220°C is found
with the numerical model for a 200 nm titania film on silicon (F = 200 mJ/cm2 in both cases). 
3-1  Validation of the numerical model with the analytical solution
To validate the numerical calculation, it is compared with the existing analytical solution, ap-
plying the assumptions of the analytical calculation. 
3 examples are taken: the irradiations of titania, glass and silicon with a 200 ns rectangular beam
pulse. Details of these calculations as well as result plots are presented in Appendix G-3-5. 
Perfect agreement is found between the analytical and the numerical calculations in all the three
cases, both for the temporal surface temperature plots and for the depth temperature profiles. 
3-2  Influence of the variation of the thermal parameters
One advantage of the numerical calculation compared to the analytical solution is its ability to
implement variations of the material properties with temperature. The difficulty with this is to
find input data for the calculations. 
As an example, this calculation is carried out for titania, implementing the variation of D and cp
with temperature while keeping all other parameters constant (F = 200 mJ/cm2, To = 413.15 K,
rectangular pulse shape (= 200 ns), and all other parameters are given in Appendix G-3-6-1).
The results are presented in Figure III-4: 
With increasing the temperature, cp increases for TiO2 (see Figure G-5-A), meaning that the
higher the temperature, the more energy is required to induce the same temperature rise. It ex-
plains why the calculated temperature is lower with varying cp than with considering it constant
to its To temperature value.
With increasing the temperature, D decreases for TiO2 (see Figure G-5-A), meaning that the
higher the temperature, the less the energy diffuses away. It explains why the calculated tem-
perature is higher with varying D than with considering D constant to its To temperature value. 
A) B)
Figure III-4  Influence of the variations of D and cp with temperature for bulk TiO2 irradiated
with F=200 mJ/cm2, T0 = 413.15 K. A) Time profile of the surface temperature and B) Depth
profile of the temperature at the end of the 200 ns rectangular pulse. 
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III - Theoretical estimation of irradiation induced temperature riseTaking into account both variations, the maximum temperature rise is modified by approxi-
mately 10% (50 K). 
The difference from the case where D and cp are varied and the case where they are both con-
sidered to be constant maybe higher in other materials, especially if D and cp vary in the same
way with increasing the temperature (for instance, for fused silica, see Figure G-5-B). 
3-3  Implementation of the true laser pulse temporal profile
Another advantage of the numerical calculation is the possibility to introduce the true temporal
pulse shape. Calculations were carried out for titania using the true temporal pulse shape of our
laser (given in Figure G-6) and comparing it with a rectangular pulse of 200 ns adjusted to the
same fluence. The results are presented in Figure III-5: 
The temporal temperature profile obtained with the true pulse shape is much less “peaked” than
the one obtained with the rectangular pulse shape. In the conditions presented here, a difference
of around 100°C is found in the maximum temperature obtained (20% of the total temperature
rise). 
Additionally, in the case of a material with a high thermal conductivity (such as silicon for ex-
ample), the irregularities in the true temporal pulse shape (see Figure G-6) lead to small “waves”
on the temporal surface temperature profile (see for example Figure G-8-C). 
3-4  Influence of the reflectivity at the interface
The importance of taking into account the reflectivity at the film-substrate interface and the im-
portance of the interference term was looked at, taking as an example the case of a TiO2 film on
glass and a TiO2 film on silicon. The data for the two substrates differ by the value of the reflec-
tivity at the film substrate interface (10% for glass and 21% for silicon) and by the phase shift
in the reflection at the interface (constructive interference at the interface for silicon and de-
structive interference for glass, see Appendix D-2-2). 
The percentage of the incident light absorbed in the film as a function of the film thickness is
presented in Figure III-6, for the 3 cases (without reflection, with incoherent reflection and with
coherent reflection), as well as the relative error compared to the coherent reflection case.
These curves show that the difference in terms of absolute percentage value of the absorbed
light in the film relatively to the incident light is low under the different assumptions. However,
big relative differences are seen comparing the case without reflection or with incoherent reflec-
tion to the case with coherent reflection for very thin films (less than 50 nm). However, these
differences are not directly reflected in the temperature rise calculation, due to the role played
by the substrate. 
A) B)
Figure III-5  Influence of the pulse shape: comparison between true pulse shape and rectangular
pulse shape. A) Time profile of the surface temperature and B) Depth profile of the temperature
at the time of maximum surface temperature.
0 200 400 600 800 1000
400
500
600
700
800
900
1000 Titania, F=200 mJ/cm
2
To
Su
rfa
ce
 te
m
pe
ra
tu
re
 (K
)
Time (ns)
 real pulse shape
 200 ns flat-top pulse
0.0 0.5 1.0 1.5 2.0 2.5 3.0
400
500
600
700
800
900
1000 Titania, F=200 mJ/cm
2
To
M
ax
im
um
 te
m
pe
ra
tu
re
 (
K)
Depth (m)
 real pulse shape
 200 ns flat-top pulse61
As examples, calculations were carried out for a 32 nm TiO2 film on silicon and glass substrates.
The numerical parameters used for this calculation are given in Appendix G-3-6-3 and temporal
and depth profiles are presented in Figure III-7. 
The percentage of error on the temperature rise at the surface in both cases does not correlate
entirely with the percentage of error on the absorbed light in the film, but varies similarly. 
A) B)
Figure III-6  % of incident light absorbed in a TiO2 film as a function of its thickness, with the
different assumptions of: (i) neglected reflection at the film-substrate interface, (ii) incoherent
reflection and (iii) coherent reflection and relative error for the assumptions (i) and (ii) with re-
spect to assumption (iii). A) For a glass substrate and B) For a silicon substrate. 
A) B)
Figure III-7  Calculation showing the importance of the film-substrate interface reflection and
of the light coherence for a 32 nm TiO2 film on glass or Si substrate. A) Temporal profile and B)
Depth profile at maximum temperature rise. 
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III - Theoretical estimation of irradiation induced temperature rise4  Numerical calculations to estimate the temperature rise for the experiments car-
ried out in this work: presentation of the results
In a first approximation, an estimation of the temperature rise induced by the laser is often done
considering: 
- during the nucleation period, the temperature rise induced on the substrate material considered
as bulk.
- for the growth process, the temperature rise induced on the substrate material considered as
bulk. 
In this paragraph, we will show the limits of these approximations, proving that: 
- the presence of a substrate and its nature influence the temperature rise.
- the temperature rise at the substrate depends on the thickness of the film.
4-1  Case of “classical” substrates
4-1-1  Nucleation period: temperature rise induced on the substrate alone
The irradiation of classical substrates used in this work (silicon, glass, quartz) as well as titania
is modelled. The calculation is performed in the range of fluences used in this work (0-400 mJ/
cm2) for an average used substrate temperature To (To = 140°C). 
Details about the numerical parameters used for these calculations are given in Appendix G-3-
6-4, with the graphics of the temporal and depth profiles obtained respectively at the surface and
at the time of the maximum temperature rise (see Figure G-8). 
The summary of the maximum surface temperature rise as a function of fluence for the different
substrates is presented in Figure III-8-A. Additionally, the depth over which the temperature is
higher than 90% of the maximum temperature is tabulated in Figure III-8-B 
The transparent substrates (glass, fused silica) undergo almost no temperature rise, while sev-
eral hundred degrees of temperature rise are observed on titanium dioxide and silicon substrates. 
In spite of the stronger absorption of silicon compared to TiO2, the higher light reflection at the
surface (60% instead of 25%) combined with the better heat conduction in silicon compared to
TiO2 result in a lower surface temperature in silicon than in titanium dioxide. 
4-1-2  Temperature rise as different TiO2 thin film thicknesses are added
The addition of different thicknesses of TiO2 on the same substrates is also modelled. 
The numerical parameters used in this case are given in Appendix G-3-6-5 and temporal and
depth profiles are shown in Figure G-9. 
A) B)
Figure III-8  Calculated temperature rise on different bulk substrates: glass, fused silica, silicon
and titanium dioxide as a function of fluence (To =140°C)63
The results of the maximum surface temperature rise obtained at the surface and at the film sub-
strate interface for To = 140°C and F=200 mJ/cm2 are presented in Figure III-9, for 3 different
substrates (fused silica, glass and silicon).  
Figure III-10-A shows the time duration during which the surface temperature rise exceeds 75%
of the maximum temperature rise while Figure III-10-B shows the depth on which more than
75% of the maximum temperature rise is reached.   
The presence of a TiO2 absorbing over the substrate which undergoes a high temperature rise
induces also the heating of the substrate. 
4-2  Case of “thermo-fragile” substrates
4-2-1  Temperature rise induced on “substrate” alone
In the case of polymers which have low degradation temperatures, its is interesting to know
which fluence range should generate thermal damages to the polymer (even if due to photolytic
and non linear absorption effects, the polymers may degrade at much lower fluences). 
Calculations were carried out for different polymers (PMMA, PC, PE, PET and PI). The numer-
ical data used for these calculations are presented in Appendix G-3-6-6 and temporal and depth
profiles as a function of fluence are presented in Figure G-10. The results of the maximum tem-
perature rise are presented in Figure III-11-A and B and the depths on which 75% of the maxi-
mum temperature rise is reached for a fluence of 200 mJ/cm2 are presented in Figure III-11-C.
A) B) C)
Figure III-9  Temperature rise as a function of TiO2 film thickness for different substrates
(T0=140°C, F=200 mJ/cm2) A) Fused silica substrate, B) Glass substrate and C) Silicon sub-
strate.
A) B)
Figure III-10  Temperature rise as a function of TiO2 film thickness for different substrates
(T0=140°C, F=200 mJ/cm2) : ranges in which 75% of the maximum temperature rise is reached:
A) Time range and B) Depth range. 64
III - Theoretical estimation of irradiation induced temperature riseAnalogously to the previous paragraph, the more transparent the material is, the smaller the tem-
perature rise at the surface.  
4-2-2  Temperature rise as different TiO2 thin film thicknesses are added
As already shown on the standard substrates, the presence of a TiO2 thin film on a substrate can
induce important heating of the substrate, even if the temperature rise is negligible when the
substrate is irradiated on its own. 
As an example, calculations were carried out on a PMMA and a PC substrates for a 15 nm thick
TiO2 thin film. The numerical parameters used are presented in Appendix G-3-6-7, the profiles
are shown in Figure G-11-B and D and the results are presented in Figure III-12-A and B. These
A) B) C)
Figure III-11  Calculated maximum surface temperature rise on different bulk substrates
(To=60°C) as a function of fluence: A) PMMA and PC, B) PE, PET and PI  and C) Depth over
which 75% of the maximum surface temperature is reached. 
A) B)
C) D)
Figure III-12  Temperature rise on PC and PMMA substrates when a TiO2 film is added: influ-
ence of fluence and film thickness A) On PMMA: fluence influence, B) On PC: fluence influence,
C) On PMMA: thickness influence and D) On PC: thickness influence.65
data show that in both cases the fluence threshold above which thermal damages occur in the
substrate is much lower than without a TiO2 thin film. 
For low given fluences (10 and 20 mJ/cm2 respectively), simulations were also carried out var-
ying the TiO2 film thickness. The temperature rise is shown to increase with the TiO2 film thick-
ness and passes a maximum, which is still below the polymer degradation temperature (Tc) (see
Figure III-12-C and D).  
4-3  Pulse duration influence
As discussed in Chapter II-1-1, a special long pulse excimer laser is used in this work, hoping
that longer pulses avoid thermal substrate damage compared to shorter pulses. In order to verify
this assumption, calculations were carried out for different pulse durations of temporally rectan-
gular pulse (titania substrate, F = 200 mJ/cm2 and T0 = 413.15 K). The maximum temperature
rise, the time duration during which the substrate is heated and the depth over which the sub-
strate is heated are compared with the data obtained for the true pulse shape of our laser. 
The numerical parameters used for this calculation are given in Appendix G3-6-8, while tem-
poral and depth temperature profiles are presented in Figure G-12. The results are summarized
in Figure III-13. 
In fact, the long pulse laser leads to a deeper heating of the substrate over longer times, but with
lower peak temperatures. 
A) B) C)
Figure III-13  Temperature rise on TiO2 substrate as a function of the pulse duration A) Maxi-
mum temperature rise, B) Time during which the temperature is higher than 90% of the maxi-
mum temperature and C) Depth on which the temperature is higher than 90% of the maximum
temperature. 66
III - Theoretical estimation of irradiation induced temperature rise4-4  Pulse repetition rate influence.
All the calculations presented in this work were carried out for a single pulse. However, it is also
interesting to know whether there is a cumulative thermal effect of successive laser pulses, or if
the time between two pulses is sufficient for the sample to cool down to its initial temperature
before the next pulse arrives. 
Calculations were carried out for bulk titanium dioxide, for a 250 nm TiO2 film on glass and
silicon and for a 300 nm TiO2 film on PMMA and PC. The numerical values used for this cal-
culations are given in Appendix G-3-6-9 and the results are presented in Figure III-14.  
The cooling rate after the pulse depends on the thermal conductivity of the substrate: the higher
the thermal conductivity, the faster the cooling. 
5  Discussion of the results of the calculations 
5-1  Choice of a laser
The temperature rise induced by laser irradiation highly depends on the pulse duration, as shown
in Chapter III-4-3. The longer the pulse, the smaller the temperature rise, but the longer the time
during which the surface is hot and the deeper the sample is heated. 
From a theoretical point of view, this suggests that a long laser pulse is more interesting than a
short pulse to carry out LICVD as for a similar fluence, the temperature rise is smaller and the
potential material-laser interaction is enhanced in time and in depth. 
5-2   Results for standard substrates (glass, silicon, fused silica, titania)
5-2-1  Bulk substrate irradiation 
The transparent substrates (glass, fused silica) undergo a negligible temperature rise and are
heated on a high depth, while absorbing substrates (silicon, titania) undergo a high temperature
rise, closer to the surface.
The results presented in Figure III-8 show that the surface temperature highly depends on the
substrate nature, therefore if the nucleation step in the LICVD process is thermally activated,
very different behaviours should be observed. 
5-2-2  Irradiation of a TiO2 film on a substrate
The presence of a TiO2 film on one of the considered substrates highly increases the surface
temperature rise, as shown in Figure III-9. Moreover, the surface temperature rise highly de-
pends on the film thickness for the same substrate, until a thickness of approximately 1 micron
(which corresponds roughly to the heat penetration depth in titania).
A) B)
Figure III-14  Cooling time after a laser pulse A) for TiO2 bulk and for a thin film on glass or
silicon and B) for a thin film on PMMA or PC. 
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For glass and fused silica substrates, which are transparent substrates with a low thermal con-
ductivity, the temperature rise follows the amount of light absorbed in the titania layer and sat-
urates around 250 nm film thickness, which corresponds to the light penetration depth in titania.
In the case of the silicon substrate, the heat generated in the film and in the substrate is more
dissipated due to the high thermal conductivity of the silicon. The surface temperature increases
almost linearly to saturate for a thickness of around 1 micrometre. 
Additionally, for all the substrates, the TiO2 films undergo a non-negligible temperature rise
over several hundred of nanometres and for several hundreds of nanoseconds. 
For the LICVD deposition process, these result suggest that if a thermal effect influences the
growth process: 
- the growth rate should vary with the already deposited thickness (not be constant with time)
- the growth rate should vary with the substrate nature
- the maximum temperature rise that deposited films are expected to experience during the dep-
osition process due to the laser heating ranges from 200 to 1000 K for fluences between 100 and
400 mJ/cm2. This temperature rise can have a significant influence on the material properties.
Especially, crystallisation effects are very likely to occur. 
5-3  Results on polymer substrates
5-3-1  Polymer bulk irradiation
Polymer ablation using UV excimer laser irradiation is a well established process to structure
polymers, as well as to modify surface properties below the ablation threshold. The ablation
mechanisms are complex, and involve thermal, photolytic and incubation effects. 
The calculations carried out in this work suggest that the considered polymers (PMMA, PC, PE,
PET, PI) should not degrade thermally up to fluences of 200 mJ/cm2 or higher (see Figure III-
11). 
5-3-2  Irradiation of a TiO2 film on a polymer substrate
In the case that the fluence is not high enough to degrade the polymer, deposition of an absorb-
ing TiO2 film on it significantly increases its temperature during the pulse and can induce its
degradation. Therefore, the available fluence range for deposition is highly reduced, as shown
in Figure III-12 for PMMA and PC with a 15 nm film of TiO2.
Moreover, the temperature rise increases with the deposited thickness similarly to the glass sub-
strate case for these transparent polymers, with the difference that polymers have a very low
thermal conductivity. Therefore the heat evacuated to the substrate is very low, and the interface
temperature between the polymer and the film is highly increased, which can lead to thermal
degradation of the polymer. 
However, Figure III-12 shows in the case of PMMA and PC, that any TiO2 thickness can be
deposited without reaching the degradation temperature of the polymer at the interface, provid-
ed a low fluence value is chosen. 
5-4  Influence of repetition rate
Repetition rates up to 20 Hz are used in this work, which means that the time between two pulses
is longer than 50 ms. Figure III-14 shows that the temperature is back to its initial about several
hundred s after the pulse. Therefore, no thermal effects are expected from the variation of the
repetition rate in the considered range. 
6  Conclusions
A numerical calculation is implemented to estimate the temperature rise induced by laser irra-
diation, considering an unidimensional model taking only into account the heat conduction in
the sample and the light absorption. 68
III - Theoretical estimation of irradiation induced temperature riseThe calculations were carried out for the irradiation of bulk substrates or substrates covered with
a TiO2 film of different thicknesses. 
The calculations show that, even if no temperature rise takes place irradiating the substrate
alone, a temperature increase takes place as soon as an absorbing layer of TiO2 is deposited on
the substrate. The temperature rise highly depends on the TiO2 thickness and on the substrate
nature. 
The temperatures expected at the surface and in the film using the experimental fluence range
used in this work (100-400 mJ/cm2 on glass and silicon principally) are in the order of 200 to
1000°C. Therefore, in-situ laser annealing of the deposited films should be observed, and crys-
talline films are expected, even at low process temperature To. 
The deposition on polymer substrates is limited to a very low range of fluences, clearly below
the experimental threshold fluence for degradation of the bulk polymer. 69
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters Chapter IV  Study of the deposition process using titanium 
tetraisopropoxide precursor, influence of selected parameters on 
physical and chemical properties of the deposited films 
In this chapter, results of the systematic studies carried out on the influence of some se-
lected parameters (mainly substrate temperature and irradiation parameters) are pre-
sented. Deposition is carried out on “classical” substrates (glass, silicon, quartz, SnO2
coated glass) at temperatures between 60°C and 210°C. Emphasis is put on studying
the growth rate as a function of process parameters and the physical and chemical prop-
erties of the deposited films. Main results are that: (i) the deposited material exhibits a
stoechiometry close to TiO2 in all tested conditions, (ii) the crystallinity of the deposited
films can be tailored from amorphous to anatase to rutile and (iii) the deposited thickness
can be precisely controlled. 
1   Introduction, state of the art
To the best of my knowledge, very few studies in literature deal with LICVD deposition of TiO2
as already mentioned in Chapter I-3-4-2-2. Only shorter wavelength excimer lasers (193 nm or
248 nm) have been used to promote the deposition reaction of TTIP with O2 [128,160,161,170]. 
In this chapter, the experimental results concerning the growth process and the physical and
chemical properties of the deposited material on standard substrates are reported:
- Chapter IV-2 presents the results obtained in the preliminary set up, where condensation of
precursor on the substrate took place. 
- Chapter IV-3 and Chapter IV-4 present the results obtained in the definitive set-up (true CVD
conditions) and all the results are discussed in Chapter IV-5. 
2  Experiments carried out in the “preliminary” experimental set-up
The preliminary experimental set up (see Chapter II-1-3-3) was used to demonstrate the feasi-
bility of TiO2 deposition from TTIP with the 308 nm long pulse excimer laser. The obtained
results were published in [238] concerning the feasibility study to deposit at room temperature,
and in [239] concerning the additional crystalline properties obtained with substrate heating. 
In all these experiments, depositions were carried out using standard deposition conditions (de-
fined in Chapter II-2-2-1), on standard glass microscopes slides. This preliminary set up is be-
lieved to be closer to photolysis of an adsorbed layer than to a true CVD process, (as discussed
in Chapter IV-5-1). 
2-1   Depositions carried out at room temperature
2-1-1   Growth rates
2-1-1-1  Fluence range
For a fixed number of pulses, the deposition rate is found to increase significantly with the flu-
ence in the range 0-400 mJ/cm2. An example of the adhering film thickness, obtained with 1800
pulses in the fluence range 50-900 mJ/cm2 is given in Figure IV-1-A. Films obtained below a
fluence threshold of approximately 80 mJ/cm2 did not adhere to the substrate. Further increasing
the fluence above 500 mJ/cm2 resulted in very thin deposits. This effect is attributed either to a
competition between the deposition and the film ablation, or to a desorption effect of the pre-
cursor due to the high surface temperature rise due to the laser heating. 71
2-1-1-2  Number of pulses
For a constant fluence and a constant repetition rate, the thickness of the deposits increases lin-
early with the number of pulses, after an incubation period in which a slow growth rate is ob-
served. Such a behaviour is presented in Figure IV-1-B for a fluence of 250 mJ/cm2. In the linear
part of the graph, high growth rates (up to 2 nm/pulse) are obtained. The small growth rate in
the incubation period is attributed either to a thermal effect (the temperature rise due to the laser
is higher on already formed titania than on glass, see Chapter III-4-1-1) or to a catalytic effect
of irradiated titania (the precursor decomposition reaction may be catalysed by electron-hole
formation in titania due to UV irradiation). Similar incubation periods are reported for LICVD
deposition by other authors [105,131,240].
2-1-1-3  Pulse repetition rate
The repetition rate is varied between 0.2 and 10 Hz. The results of the deposited thickness ver-
sus the repetition rate are presented in Figure IV-2-A for a constant irradiation dose. At very low
repetition rates, the deposited thickness first increases with increasing the repetition rate, which
is attributed to a limitation of the deposition reaction by the number of impinging photons per
time. After a maximum around 0.3 Hz, the deposited thickness decreases with increasing the
repetition rate further on, which is attributed to a reduction of the number of molecules reaching
the deposition area between two pulses and thus contributing to the layer growth. This assump-
tion seems to be confirmed by the shape of the deposit profiles observed for different repetition
rates (see Figure IV-2-B). The higher the repetition rate, the lower the deposition in the centre
of the irradiated area, where the diffusion of the precursor between two pulses is less favoured.  
A) B)
Figure IV-1  A) Adhering film thickness versus laser fluence for N = 1800 pulses, f =1 Hz and
B) Deposited thickness versus number of pulses (room temperature, F = 250 mJ/cm2, f = 2 Hz) 72
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 2-1-2  Chemical composition and crystallinity
XPS measurements (Figure IV-3-A) on a typical as-deposited film show the presence of oxygen
and titanium at the expected binding energies values: 458.5 eV for Ti 2p 3/2, 464 eV for Ti 2p
1/2 and 530 eV for O 1s. The O1 s peak exhibits a shoulder at higher binding energy values,
which is currently attributed to contamination by adsorbed H2O or CO (see Chapter II-4-1-3).
A carbon peak is also observed at 286 eV, specific for surface contamination and a CO adsorbed
shoulder at higher energy. A stoechiometry close to TiO2 is found, with an additional carbon
contamination of 20% atomic concentration. After sputtering, this surface contamination value
decreases to around 6% in the bulk. 
Figure IV-3-B proves that the deposit is amorphous as seen by standard XRD measurements:
Only the amorphous halo of the glass substrate is observed and no peaks are detected after 3
hours of acquisition. 
2-1-3  Morphology
Typical SEM images of deposit surfaces are presented in Figure IV-4. The films are deposited
mainly in the irradiated area, but some deposition is also visible in the non-irradiated area. The
films are found to be formed of small domains.  
A) B)
Figure IV-2  A) Deposited thickness versus laser repetition rate (room temperature, N = 1000,
F = 190 mJ/cm2) and B) Profiles of deposits obtained at different repetition rates (room temper-
ature, F =380 mJ/cm2, 30 min. deposition) a) f = 1 Hz, b) f = 2 Hz and c) f = 10 Hz
A) B)
Figure IV-3   A) XPS spectra obtained at the sample surface and B) XRD data of the same sample
(room temperature, F = 250 mJ/cm2, 1000 pulses, f =1 Hz)73
2-2   Influence of substrate heating
All the results presented in Chapter IV-2-1 were obtained on a non heated substrate. However,
substrate temperature is a key factor concerning the deposited film crystallinity, as already men-
tionned. To evaluate its influence in this set up, different deposits were realized varying the sub-
strate temperature from 30°C to 210°C, with irradiation conditions: N = 1800 pulses, f = 1 Hz
and F = 145 mJ/cm2. 
2-2-1  Growth rate
The samples obtained for a substrate temperatures below 120°C were partially black and opaque
while deposits obtained at higher temperatures were greyish or white. Figure IV-5-A presents
the values of the measured deposited thickness as a function of temperature. These values are
reported in an Arrhenius plot in Figure IV-5-B, highlighting two different regions. Below
120°C, the deposited thickness decreases with increasing temperature, which is attributed to a
condensation effect of the precursor at lower temperature. Above 120°C, the deposition rate fol-
lows an Arrhenius plot, with a calculated activation energy of 20 2 kJ/mol. Such a behaviour
was also recently reported by Kaliwoh et al. [169].  
2-2-2  Crystallinity
Crystallinity was investigated by both X-ray diffraction and Raman spectroscopy. 
A) B)
Figure IV-4  Typical SEM images of deposit surfaces obtained at room temperature in the pre-
liminary set up A) Non-irradiated line in the centre of a deposited area and B) Zoom on the de-
posit structure (room temperature, F =100 mJ/cm2, 500 pulses, f = 1 Hz)
A) B)
Figure IV-5  Variation of deposited thickness as a function of substrate temperature (F =145 mJ/
cm2, f = 1 Hz, N = 1800) A) Thickness values and B) Arrhenius plot of the deposited thickness
versus substrate temperature.74
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 2-2-2-1  X-ray diffraction data
Long acquisition time (14 hours) X-ray diffractograms for the higher substrate temperature
samples are presented in Figure IV-6-A. They exhibit small peaks of anatase and rutile, with no
preferential orientation. The two main peaks of anatase (101) and rutile (110) are studied in
more detail, after background subtraction of the amorphous glass halo (see Figure IV-6-B).
Gaussian fits of these peaks are carried out (see Appendix E-1). 
With increasing the substrate temperature, the area of the anatase peak increases with respect to
the area of the rutile peak, as shown in Figure IV-7-A. 
Figure IV-7-B shows an estimation of the crystallite size using the Scherrer equation (Equation
II-12) on these two peaks (neglecting the standard peak width, and though underestimating the
crystal size). A mean crystallite size below 1 nm is calculated, with a tendency to increase with
increasing temperature. 
2-2-2-2  Raman spectroscopy
Raman spectra recorded in the same conditions for all samples and rescaled for reading ease are
presented in Figure IV-8. 
Figure IV-8-A presents the intense band of anatase at 143 cm-1, shifted in our material to a high-
er wavenumber (150 cm-1), which is attributed in literature to oxygen deficiency or small crys-
tallite size (see Chapter II-4-4-2-3). Its increasing intensity with increasing substrate
A) B)
Figure IV-6  A) As measured X-ray diffractograms varying substrate temperature (measure-
ments carried out by Prof. K. Schenk, = 1.54 A, see Chapter II-4-3-2) and B) Background sub-
tracted region of the two main peaks of anatase (101) and rutile (110).
(A stands for anatase, R stands for rutile).
A) B)
Figure IV-7  A) Calculated ratio of the areas of the two main peaks anatase (101) and rutile
(110) and B) Calculated mean diameter of the crystallites by the Scherrer equation.75
temperature suggests an improved anatase crystallization with increasing temperature. Its large
width (FWHM= 17-19 cm-1) suggests the presence of small nano-crystals below 10 nm size
[224]. 
Figure IV-8-B shows peaks (both from anatase and rutile) in the wavenumber range 300 - 700
cm-1. At the lower temperatures, the deposits exhibit a mixture of anatase and rutile peaks,
whereas going to higher temperature, only the anatase peaks remain. 
These Raman results confirm completely the XRD measurements, both confirming the nano
size of the obtained crystals and the increase of the ratio anatase/rutile with increasing substrate
temperature. 
The observed variation of crystallinity from anatase to rutile with increasing substrate temper-
ature is surprising, remembering that anatase is the low temperature phase while rutile is the
thermodynamic phase. This effect will be discussed later in more detail (see Chapter IV-5-4-2). 
2-2-3  Morphology
SEM images of selected sample surfaces are presented in Figure IV-9. 
Changing the substrate temperature from 30 °C to 90 °C, the formation of grains is enhanced on
the deposit surface. Increasing the surface temperature further, grains with facets are clearly ob-
served at 150°C. At even higher temperature, this structure is lost to the benefit of rounder
grains. 
A) B)
Figure IV-8  Raman spectra at different substrate temperatures (Measurements carried out by
Dr. E. Haro-Poniatowsky, see Chapter II-4-1-2) A) main anatase peak at 150 cm-1 and B) Bands
from anatase and rutile showing the composition evolution with increasing substrate tempera-
ture (A stands for anatase and R for rutile)
T=30°C T=90°C T=150°C T=180°C
Figure IV-9  SEM images of deposit surfaces with varying substrate temperature. Top images
are low magnification images and bottom images are high magnification images. 76
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3  Experiments carried out with the definitive set-up: influence of substrate tem-
perature and irradiation conditions in “standard deposition conditions”
3-1  Experiments of standard thermal CVD
Conditions to realize thermal deposition (without laser irradiation) and properties of the ob-
tained deposits are first looked at as a reference for comparison with LICVD results. 
3-1-1   Deposition rates 
4 hour depositions are carried at on silicon substrate for temperatures between 60 °C and 270
°C, using standard deposition conditions (defined in Chapter II-2-2-1) and without laser irradi-
ation. 
Contact masks were applied on the substrate to be able to measure the thickness by profilome-
try. Below 150 °C, no deposition was observed. Above this temperature, very homogeneous de-
posits were obtained on the whole substrate surface (see Figure IV-10-B). This thickness
homogeneity shows that the deposition is kinetically controlled, because the flow is believed to
be more inhomogeneous on the substrate (see Chapter II-1-3-3-4). An Arrhenius plot of the
measured growth rates r as a function of substrate temperature T is presented in Figure IV-10-
A and parameters of the Arrhenius law (Equation IV-1) are derived. 
 Equation IV-1
For thermal deposition: 
 
are obtained. 
This value for the activation energy of thermal deposition by CVD from TTIP is within the very
wide range of reported values in literature from 27 to 135 kJ/mol [44,68,80,83-
85,92,95,128,241]. 
3-1-2  Material properties 
A XPS analysis of a typical thermal CVD layer obtained at 210°C is presented in Figure V-4-B
(deposition outside the irradiated area). It consists of probably substoechiometric titanium ox-
ide. 
The thermal CVD layers are smooth, and transparent. An optical microscope image of a deposit
obtained on glass at 210 °C is shown in Figure IV-11-A and its UV-vis transmission spectrum
A) B)
Figure IV-10  A) Arrhenius plot of the thermal CVD deposition in standard conditions obtained
from profilometry measurements of the deposited thickness and B) Picture of a deposited sample
(T = 210°C, t = 4h). (The cross contact mask in the middle of the sample allows to measure the
deposited thickness by profilometry).
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is presented in Figure IV-11-B. The estimated index of refraction from Equation D-11 is n = 2.3
0.3 and the indirect band gap from the Tauc plot is 348 nm (3.55 eV). These values suggest
that the deposit is amorphous (see Chapter IV-3-5-1), as expected for deposition carried out at
low temperature. 
The thermally deposited material is well adherent to the substrate, does not dissolve in diluted
HCl (5%) but can easily be scratched. 
3-2   Light Induced Chemical Vapour Deposition
3-2-1  Growth rates of LICVD deposits in standard deposition conditions
In this paragraph, the possibility to control precisely the deposited thickness e of the LICVD
deposits is demonstrated, by varying: 
- the number of pulses N (N = f x t, where t is the irradiation time and f the laser repetition rate)
- the substrate temperature T 
- the laser fluence F 
Equation IV-2
An expression of the “function” defined in Equation IV-2 is derived. 
First, the linear dependence of the deposited thickness with the number of pulses, independently
on the repetition rate of the laser, is shown (see Chapter IV-3-2-1-2). This allows to calculate a
growth rate per pulse r (nm/pulse), which depends only on the substrate temperature T and the
laser fluence F. 
Then, the dependency of the growth rate per pulse on the fluence and on the substrate tempera-
ture are demonstrated to be independent (see Chapter IV-3-2-1-3), and an expression for the de-
scription of the growth rate per pulse is derived (Equation IV-10). This last step leads to
Equation IV-11 giving an explicit expression of Equation IV-2. 
3-2-1-1  Investigated parameter ranges
The Substrate temperature is varied from 60°C (to avoid precursor condensation on the sub-
strate) to 210°C. The laser repetition rate is varied from 0 to 20 Hz. 
In the used configuration, with a demagnification factor G = 0.25, a fluence between 0 and 450
mJ/cm2 can be obtained. 
Glass microscope slides, silicon wafers, quartz plates and SnO2 coated glass are used as sub-
strates (see details in Appendix H). 
To evidence a possible fluence threshold value for the deposition of adhering films and a pos-
sible upper limit value for deposition (similarly to what is obtained in the preliminary set up,
A) B)
Figure IV-11  Example of a thermal layer deposited on glass (standard deposition conditions,
T=210°C, 10 hours, 260 nm thick film) A) optical microscope image and B) UV-vis transmission
spectrum. The inserted graph is a Tauc plot, to evaluate the indirect band gap (found at 348 nm).
e function t f T F  	 
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters see Figure IV-1), deposits are realized increasing the fluence for different substrate tempera-
tures. The growth rates measured by profilometry for deposits realized on a glass substrate with
a constant number of pulses and a constant repetition rate are presented in Figure IV-12-A. 
The deposition rate tends to vary linearly with the fluence in the range 0 - 400 mJ/cm2. A similar
behaviour is reported by [128,160] for TiO2 LICVD deposition from TTIP and oxygen with a
standard 248 nm excimer laser. 
However in our case, below 100 mJ/cm2 approximately, the adhesion of the deposited films to
the substrate is problematic. A peeling of the film from the substrate is clearly observed at these
low fluences above a certain film thickness: this effect is clearly evidenced in Figure IV-12-B.
Two patterned deposits are realized on silicon substrate with a fluence F = 82 mJ/cm2 using a
revolving mask (see Chapter II-1-2-1). The two deposits differ by the number of pulses added
between a bigger triangle and a smaller one (1000 or 2000 pulses), and though by the deposited
thickness. The thinner deposit is well adhering to the substrate everywhere, while in the thicker
one, the thickest parts (e = 120 nm) peel off completely from the substrate. However, this peel-
ing effect at low fluences is observed to be substrate dependent, and particularly important on
silicon. In the rest of this chapter, mainly fluences above about 100 mJ/cm2 will be considered
in order to avoid peeling problems. 
In the tested range (up to 400 mJ/cm2), no upper limit of fluence for deposition is found. 
An important point is that the peeling effect is not taken into account in the function defined in
Equation IV-2, which describes the deposited thickness, regardless of the film adhesion. 
3-2-1-2  Influence of the number of pulses and repetition rate
Keeping the deposition time constant, t = 20 minutes, the influence of the deposition rate is stud-
ied systematically on glass substrates for 5 pulse repetition rates (f = 1, 5, 10, 15 and 20 Hz), 3
fluences (F = 100, 200 and 400 mJ/cm2) and 3 substrate temperatures (T = 60, 135 and 210°C). 
All these deposits are flat top (with additional roughness) and exhibit no variation of shape with
increasing the repetition rate (which is different from the results obtained in the preliminary set-
up). The results of the profilometry data are presented in Figure IV-13. In the nine different con-
ditions of (F,T) values, the deposition rate is found to vary linearly with the repetition rate f. In
other words, the deposition rate varies linearly with the number of pulses, independently of the
repetition rate. Because of this linear relationship, a characteristic growth rate per pulse r(T,F)
A) B)
Figure IV-12  A) Variation of deposited thickness with substrate temperature (glass substrate,
N=1500, f=1 Hz) and B) Patterned deposits on Si (T=135°C) illustrating the loss of film adhe-
sion for a low fluence (F=82 mJ/cm2) with increasing deposited thickness. A SEM image of a
non-adhering film zone peeling off from the substrate is also shown.79
can be defined, depending only on the fluence and on the substrate temperature. Therefore,
Equation IV-2 can be written as: 
Equation IV-3
The values r(T,F) can be derived from the slopes of the curves presented in Figure IV-13. 
3-2-1-3  Dependence on substrate heating and laser fluence
Different experiments are presented here to study the deposition rate per pulse r as a function
of fluence and substrate temperature.
 Experiment 1: Results obtained on glass substrate (20 min. deposition time)
The r(T,F) values obtained from the experiment described in the previous section (Chapter IV-
3-2-1-2) are analysed.
Figure IV-14 presents these results in two different ways: 
- an Arrhenius plot of the r(T,F) values at constant fluence (Figure IV-14-A)
- a linear plot of the r(T,F) values at constant surface temperature (Figure IV-14-B)  
Figure IV-14-A shows that r follows an Arrhenius activation with substrate temperature, and
the parallelism of the plots obtained for the different fluences proves that the activation energy
Ea (obtained from the slopes) does not depend on the fluence. Therefore: 
Equation IV-4
A) B) C)
Figure IV-13  Variation of the deposition rate as a function of the repetition rate for 3 different
fluences and substrate temperatures A) T=60°C, B) T=135°C and C) T=210°C
A) B)
Figure IV-14  Variation of the growth rate per pulse with substrate temperature and laser flu-
ence A) Results presented in an Arrhenius plot at constant fluence and B) Results presented in a
linear plot with fluence at constant substrate temperature.
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters where inter(F) is the intercept of the Arrhenius plot. This means that: 
Equation IV-5
Figure IV-14-B shows that r is proportional to F and that the slope is a function of T: 
Equation IV-6
where slope(T) is the proportionality coefficient between r and F. 
Comparing Equation IV-5 and Equation IV-6, the following equations appear when separating
the terms depending on T and the terms depending on F: 
Equation IV-7
Equation IV-8
where ro is a constant. 
These two equations are checked by the plots in Figure IV-15.   
Figure IV-15-A is an exponential plot of inter(F) as a function of fluence, and shows the expect-
ed proportionality relation, allowing to calculate ro (Ea being already known in this treatment of
the data from Figure IV-14-A.)
Figure IV-15-B is an Arrhenius plot of slope(T), which shows that the data can in fact be de-
scribed as: 
Equation IV-9
and allows to calculate ro and Ea. 
The correctness of Equation IV-7 and Equation IV-8 is not only confirmed by the shape of the
curves in Figure IV-15 but also by the excellent agreement between the values of Ea and ro ob-
tained by the two calculation ways. 
A) B)
Figure IV-15   A) Variation of exp(inter(F)) as a function of F and B) Variation of ln(slope(T))
as a function of 1/T. (The huge error bars obtained on the graphs are obtained by mathematical
treatment of the data with non-Gaussian error propagation, see details in Appendix F-1). 
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Combining the results, the general equation describing the deposition rate per pulse r as a func-
tion of fluence F and substrate temperature T is derived: 
Equation IV-10
where ro and Ea are known constants. 
The general Equation IV-2 describing the deposited thickness e as a function of the process pa-
rameters is then: 
Equation IV-11
where  (mJ/cm2) is the total irradiation dose ( = N x F). 
The two treatments of the data are equivalent, and mainly differ by mathematical calculations
of error propagation. The obtained values for Ea and ro are:
Equation IV-12
Experiment 2: systematic results obtained on F:SnO2 coated glass (f = 1 Hz, N = 3000 pulses)
A systematic variation of the fluence and the substrate temperature is presented for another sub-
strate: F doped SnO2 coated glass, keeping the repetition rate (f  = 1 Hz) and the number of puls-
es (N = 3000) constant. Four values of substrate temperature are used (T = 60°C, 110°C, 160°C,
210°C) and three values of fluence (F = 123 mJ/cm2, 218 mJ/cm2 and 314 mJ/cm2). 
The same calculations and plots as those presented for experiment 1 (Figure IV-14 and Figure
IV-15) are presented respectively in Figure IV-16 and Figure IV-17.     . 
A) B)
Figure IV-16  Variation of the growth rate per pulse with substrate temperature and laser flu-
ence on F:SnO2 coated glass substrates A) Results presented in an Arrhenius plot at constant
fluence and B) Results presented in a linear plot with fluence at constant substrate temperature.
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters Again, Equation IV-10 applies and calculated values are: 
Equation IV-13
The value of Ea for this new substrate material is in very good agreement with the one obtained
in experiment 1. The value of ro is in the same order of magnitude, especially considering the
error range, but slightly higher. 
Experiment 3: comparison of deposition on different substrates (T = 140°C, N = 10’000, f =
5 Hz)
To check whether the ro value depends significantly on the substrate, deposits are realized in a
same reactor load experiment and in a random order on 3 different substrates: glass, silicon and
quartz. The fluence is varied while all other parameters are kept constant (N = 10’000 pulses, T
= 140 °C,  f = 5 Hz). The results of the measured growth rates as a function of fluence are pre-
sented in Figure IV-18-A. The ro values are calculated from these data using Equation IV-10
assuming different values of Ea and the results are presented in Figure IV-18-B. 
These results suggest that r0 does not depend significantly on the substrate nature. The slight
differences between the different substrates are believed to be due mainly to the slight differ-
ences in true surface temperature of the different material for the same substrate holder temper-
ature. 
A) B)
Figure IV-17  A) Variation of exp(inter(F)) as a function of F and B) Variation of ln(slope(T))
as a function of 1/T.
A) B)
Figure IV-18  Influence of the substrate nature on the deposition A) Experimental data of growth
rate versus fluence for different substrates (T=140°C) and B) Calculated r0 values from these
data (using Equation IV-10) for different values of Ea within the error range of Equation IV-12
and Equation IV-13. 
Ea 20.9 1.9    kJ/mol   and ro 0.17 0.1  (nm/pulse)/(mJ/cm2)==83
Moreover, it should be noted that the determination of the r0 value is very sensitive to experi-
mental errors as: 
- it is proven to depend on the gas phase composition (amount of TTIP in the vapour phase, see
Chapter IV 4-2).
- its determination includes experimental errors on the fluence measurements and on the sub-
strate temperature measurements. 
3-2-2   Application: control of the deposited thickness
However, using Equation IV-11, the deposited film thickness e is controlled from the process
parameters substrate temperature T and irradiation dose 
 As the crystalline properties of the deposited material depend on the substrate temperature, the
fluence and the repetition rate (see Chapter IV-3-3), the number of pulses is the parameter to
vary to obtain a given thickness with desired crystalline properties. 
The possibility to control the deposited thickness from Equation IV-11 varying the number of
pulses was tested successfully in different experimental conditions. Two examples of “step” de-
posits obtained with the revolving mask system are presented in Figure IV-19, a “thin” deposit
and a “thick” deposit. A good agreement between experimental profiles, measured by profilom-
etry, and calculated ones from Equation IV-11 is found. 
3-3  Chemical composition of the deposits: influence of substrate temperature and fluence
3-3-1  XPS data
9 samples were deposited on glass at different fluences and temperatures, all having a total
thickness of 150 nm. The chemical composition was analysed by XPS, on as deposited films
and after 1 minute sputtering to remove the surface contamination layer. Spectra are presented
in Figure IV-20 for the Ti 2p spectral region, in Figure IV-21 for the O 1s spectral region and
in Figure IV-22 for the C 1s spectral region.
A) B)
Figure IV-19  Examples of control of deposited thickness for thin and thick films: deposition on
Si substrate, f=10 Hz. A) T=140°C, F=100 mJ/cm2 and B) T=210°C, F from 250 to 140 mJ/cm2,
the variation of fluence is due to the laser energy decay with time (calculated thickness profiles
from Equation IV-11 with ro=0.05 and Ea=21.3 kJ/mol)84
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters      
First remark on these spectra is that no clear differences appear between all the different condi-
tions of fluence and temperature used. 
For the as deposited samples spectra: 
- the Ti 2p region exhibits a doublet: Ti 2p 3/2 at 458.2 0.3 eV and Ti 2p 1/2 at 464.1 0.4 eV
These values are in very good agreement with the expected values for TiO2 (see Chapter II-4-
1-3-1). 
- the O 1s region exhibits a peak at 529.7 0.8 eVwith an important shoulder at higher binding
energies. The peak position is in very good agreement with the expected position for TiO2 and
the shoulder is normally attributed in literature to OH, H2O or CO groups.
- the C 1s region exhibits a broad peak, which is positioned at 285 eV (as reference, to compen-
sate for charging effects).
Figure IV-20  Ti 2p XPS spectra in different (temperature, fluence) conditions85
After sputtering: 
- the Ti 2p peaks are highly broadened, exhibiting large shoulders between 452 and 458 eV,
which are typical of reduction effects under ion bombardment which have already been reported
for TiO2 (see Chapter II-4-1-3-2). 
- the O 1s peak is observed at the right position for TiO2 and the OH or CO shoulder at higher
energy is highly reduced.
- the C 1s region exhibits no more peaks, showing that the carbon contamination level in the
bulk is below the detection sensitivity of 2%. (The spectra obtained after sputtering has no more
C reference to shift the position to compensate for the charging effects, therefore the same shift
value of 1.3 eV which was found to be required for all the as deposited spectra was also applied
to these spectra).
Figure IV-21  O 1s XPS spectra in different (temperature, fluence) conditions86
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters   
The chemical compositions are calculated by integrating the area of the Ti 2p 3/2, O 1s and C
1s peaks and are presented in Table IV-1. For the as deposited samples, the atomic compositions
are calculated taking into account these 3 elements: an average atomic composition of Ti: 12.6
 2.8%, O: 47.8 6.9%, C: 39.6 	
is found. After sputtering, the atomic chemical com-
position taking into account Ti and O is Ti: 34.4 	and O: 65.43.2%, which means an
average ratio O/Ti of 1.9 		Taking into account the preferential oxygen removal by sputter-
ing, this result suggests that the deposit is pure stoechiometric titanium dioxide with only sur-
face contamination.  
Figure IV-22  C 1s XPS spectra in different (temperature, fluence) conditions
Table IV-1  Calculated atomic chemical % of as deposited samples and after sputtering.87
3-3-2  Raman data
In thicker samples however (e > 500 nm), Raman spectroscopy enables to detect 2 very small
additional bands to the TiO2 ones (less than 2% in height compared to the TiO2 bands) at respec-
tively 1360 and 1580 cm-1. A characteristic spectrum of these bands is shown in Figure IV-23-
A. These bands are believed to be the characteristic D and G bands of graphitic carbon. The G
line is assigned to ordered sp2 carbon (graphite) while the D line is assigned to a more disordered
structure (sp3 contribution). The shape of the observed peaks suggest the presence of small and
disordered domains of carbons [242,243].
The presence of carbon in the thick samples is in agreement with the dark colours observed on
these thick samples (see a typical image in Figure IV-23-B). 
3-4  Crystallinity of the deposited material
Different experiments are reported here to study the crystallinity of the deposited material as a
function of process parameters (mainly fluence, substrate temperature and repetition rate, on
different substrates). 
3-4-1  Experiment 1: 1.5 micrometre  thick deposit on glass (f = 5 Hz)
1.5  0.2 m thick deposits are realized on glass, with a pulse repetition rate of 5 Hz, varying
the substrate temperature (T = 60°C, 135°C and 210°C) and the fluence. Values from 70 to 350
mJ/cm2 were used, but due to the high irradiation time required to deposit these thick samples,
the indicated fluences are average values, mJ/cm2 due to energy loss of the laser with time	
These samples were analysed by micro-Raman spectroscopy at the Paul Scherrer Institute, Vil-
lingen (see details in Chapter II-4-4-4). 
The results of these analyses are presented in Figure IV-24. At the lowest temperature (T =
60°C), rutile is clearly the dominant phase. The intensity of the rutile peaks increases with in-
creasing fluence, suggesting an improved crystallisation at higher fluences. At the medium tem-
perature (T =135°C), rutile is also the dominant phase but no significant variation in the peak
intensities is observed. At the highest temperature (T = 210°C), the crystalline phase clearly
changes from pure anatase at the lowest fluence to pure rutile at the highest fluence. 
Additionally, only in some of the spectra, parasitic peaks appear together as a broad band around
350 cm-1 and a peak at 510 cm-1, which may be due to the presence of some suboxides (see
Chapter II-4-4-3). 
A) B)
Figure IV-23  A) Example of standard carbon graphitic peaks obtained by Raman spectroscopy
and B) Typical image of a deposit exhibiting a dark colour (3 micrometre thick film, T = 210°C,
F = 200 mJ/cm2)88
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-4-2  Experiment 2: thick deposits on SnO2 coated glass (f = 1 Hz)
Four deposits were realized on F doped SnO2 coated glass at a repetition rate of 1 Hz at the high-
est and lowest substrate temperatures (T = 60°C and 210°C) and at 2 different fluences (F =100
and 200 mJ/cm2), with 50 000 pulses. These deposits were analysed with Raman spectroscopy
at the Laboratoire de Photonique et Interfaces, EPFL (see Chapter II-4-4-4) as well as by stand-
ard XRD at the Laboratoire de Céramiques, EPFL (see Chapter II-4-3-2). The deposit thickness-
es measured by profilometry are presented in Table IV-2. 
The Raman spectra of these samples are presented in Figure IV-25 while XRD diffractograms
are shown in Figure IV-26. 
No Raman peaks are observed for the sample T = 60°C, F =100°C suggesting that it is amor-
phous. This result is confirmed by the XRD data: no titanium dioxide peaks are visible, only the
SnO2 substrate ones (the values for diffractions angles from SnO2 are taken from [244]).
The sample deposited at 60°C with increasing the fluence to 200 mJ/cm2 exhibits rutile peaks,
both by Raman and XRD spectra, with anatase traces. 
The sample deposited at 210°C with 100 mJ/cm2 is crystalline anatase, as shown both by Raman
and XRD. With increasing the fluence to 200 mJ/cm2, the sample exhibits mainly the anatase
phase, with additional small presence of rutile as shown by XRD. 
For the T = 210°C samples, the Scherrer equation (Equation II-12) gives an estimation of the
anatase and rutile crystals between 30 and 50 nm. In the case of the T = 60°C sample, the rutile
crystals have an estimated size of 20 nm.     
A) B) C)
Figure IV-24  Raman spectra obtained on 1.5 m thick deposits realized on glass at a pulse rep-
etition rate of 5 Hz with varying fluence A) 60°C, B) 135°C and C) 210°C (A stands for anatase
while R stands for rutile ). For ease of reading, base lines of the different spectra were shifted. 
T=60°C, 
F=100 mJ/cm2
T=60°C, 
F=200 mJ/cm2
T=210°C, 
F=100 mJ/cm2
T=210°C, 
F=200 mJ/cm2
Thickness (m) 0.86 3.14 4.25 8.72
Table IV-2  Deposit thickness measured by profilometry (SnO2 coated glass, f = 1 Hz, 50’000 pulses)89
A) B)
C) D)
Figure IV-25  Raman spectra of deposits realized on SnO2 coated glass A) T = 60°C, F = 100
mJ/cm2, B) T = 60°C, F = 200 mJ/cm2, C) T = 210°C, F =100 mJ/cm2 and D) T = 210°C, F =
200 mJ/cm2
No peaks measured
T=60°C, F=100 mJ/cm290
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-4-3  Experiment 3: 100-150 nm deposits on silicon substrates (f = 5 Hz)
9 samples were deposited on silicon substrates with a repetition rate of 5 Hz, varying the sub-
strate temperature (T = 60, 135 and 210°C) and varying the fluence (F = 100, 200 and 300 mJ/
cm2). These samples were looked at by TEM by Dr. A. Brioude (see details in Chapter II-4-9-1). 
TEM images as well as X-ray diffractograms are presented in Figure IV-27. 
The conventional TEM images show that the deposited material consist of small crystalline do-
mains, whose number increases with increasing either fluence or substrate temperature. 
TEM electron diffractograms show that at 60°C, the deposited material is amorphous, some
anatase crystallites starting to develop as fluence increases. 
At 135°C, the diffractograms show that the material crystallinity changes with increasing flu-
ence from almost amorphous with some anatase and rutile crystallites to a mixture of anatase
and rutile and finally to rutile.
At 210°C, a mixture of anatase and rutile is seen at all temperatures, the proportion of rutile in-
creasing with increasing fluence. 
Figure IV-26  Standard XRD spectra of deposits realized on SnO2 coated glass (A stands for
anatase, R stands for rutile and S stands for SnO2 substrate).91
High resolution images of anatase and rutile crystalline domains are shown in Figure IV-28
(from sample T = 210°C, F = 200 mJ/cm2). These images show that the domains are highly crys-
tallized. 
3-4-4  Experiment 4: “step” deposit realized on silicon
A “step” deposit was realized on a silicon substrate with the revolving mask system (T = 210°C,
F = 400 mJ/cm2, f = 5 Hz, to look at the influence of the thickness on the crystalline structure.
The deposited thickness is varied between 100 nm and 3 micrometres, as shown on the profile
in Figure IV-29-A. Micro-raman spectra were recorded by Prof. J. Mugnier (see details in Chap-
ter II-4-4-4) for the different steps and are presented in Figure IV-29-B. The Raman spectra
show that the deposit is rutile type, but that in the thinner step (100 nm thick), some anatase is
also present which disappears with increasing the deposited thickness. 
T = 60°C T = 135°C T = 210°C
F=100 
mJ/cm2
F=200 
mJ/cm2
F=300 
mJ/cm2
Figure IV-27  TEM analyses of thin films (100-150 nm) deposited on silicon (f = 5 Hz) in differ-
ent conditions of fluence and substrate temperature: conventional TEM images and TEM-dif-
fractograms
A) B)
Figure IV-28  High resolution TEM images of selected crystalline domains (sample T = 210°C,
F = 200 mJ/cm2).92
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-4-5  Experiment 5: 300 nm deposit on glass, T = 210°C, f varied
To check the influence of the repetition rate on the crystallinity, two experiments were carried
out, depositing in each case 300 nm thick films on glass at 210°C and varying the repetition rate
from 1 to 20 Hz: 
- 4 deposits were realized at F = 55 mJ/cm2.
A) B)
Figure IV-29  Influence of thickness on crystallinity A) Profile of the realized deposit (Si sub-
strate, T=210°C, f = 5 Hz). The thickness is calculated using Equation IV-11, with r0=0.05 and
Ea=21.5 kJ/mol knowing the dose on the different steps: step 5: 1500 pulses, F=412 mJ/cm2, step
4: 3800 pulses, F=380 mJ/cm2, step 3: 3800 pulses, F=367 mJ/cm2, step 2: 6000 pulses, F=380
mJ/cm2 and step 1: 15 000 pulses, F=392 mJ/cm2 and B) Micro-raman spectra obtained on the
different steps
A)
B)
Figure IV-30  Repetition rate influence on crystallinity (T=210°C, 300 nm deposited on glass)
A) F= 55 mJ/cm2, transition from amorphous to anatase by increasing the repetition rate and B)
F=210 mJ/cm2, transition from anatase to rutile by increasing the repetition rate. 93
- 4 deposits were realized at F = 210 mJ/cm2
The Raman spectra, measured by Prof. J. Mugnier (see details in Chapter II-4-4-4), are present-
ed in Figure IV-30. For the lower fluence, Figure IV-30-A shows that at 1 Hz, the TiO2 deposit
is amorphous, whereas the anatase phase is found for all the higher repetition rates. For the high-
er fluence, Figure IV-30-B shows that at 1 Hz, a mixture of anatase and rutile is found, whereas
at higher repetition rates, the rutile phase is the only detected phase. 94
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-5  Optical properties (UV-Vis spectroscopy, ellipsometry) 
3-5-1  Ellipsometry
9 samples deposited with different temperatures (T = 60°C, 135°C and 210°C) and fluences (F
= 100, 200 and 300 mJ/cm2) at f = 10 Hz on silicon substrates were analysed by spectral ellip-
sometry by Dr. O. Banakh. The deposited thickness of all the samples is around 100 nm.
The fitting procedure results in a 10 to 35 nm TiO2 roughness on a dense TiO2 layer. An excel-
lent agreement between the measurements and the fits are obtained (a typical example of fitted
data is presented in Figure E-7), except for the sample deposited at T = 60°C, F = 100 mJ/cm2
(whose results are also surprising). 
A) B)
C) D)
E) F)
Figure IV-31  Spectral ellipsometry results on 100 nm thick deposits on Si as a function of sub-
strate temperature and fluence A) Index of refraction, B) Absorption coefficient, C) Index of re-
fraction at 633 nm, D) Absorption coefficient at 308 nm, E) Tauc plot for the indirect bang gap
and F) Calculated values for the indirect optical band gap. 95
The indexes of refraction n and the absorption coefficients  are presented in Figure IV-31-A
and B. Values of n between 2.2 and 2.7 are found at 633 nm (see Figure IV-31-C), depending
on the deposition conditions. The deposits are measured to be transparent in the whole visible
range and to start to absorb around 350 nm, which corresponds to the TiO2 band gap. The ab-
sorption value at 308 nm is reported in Figure IV-31-D: a value of 2.5 1 x 105 cm-1 is found
depending on the different deposition conditions, which corresponds to an optical penetration
depth around 40 nm at this wavelength. This value slightly changes between the different dep-
osition conditions, correlating well with the band gap value (the shorter the wavelength of the
band gap, the higher the absorption at 308 nm, as shown comparing Figure IV-31- D and F). 
From the absorption data, a Tauc plot (see details in Chapter II-4-5-3) for the indirect band gap
is generated (see Figure IV-31-E) and indirect band gap values are calculated. Depending on the
deposition conditions, this band gap varies from 3.25 to 3.6 eV. 
The variations of the optical parameters of the deposited material with the process parameters
(substrate temperature and fluence) are related to the crystalline state of the material, shown in
Chapter IV-3-4: 
- the samples obtained in the conditions where rutile is found to be the dominant phase (typically
the T = 135°C samples) exhibit the higher index of refraction (more than 2.6 eV at 633 nm) and
a band gap around 3.4 eV. 
- the samples obtained in the conditions where anatase is found to be the dominant phase (typ-
ically the T = 210°C samples) exhibit a slightly lower index of refraction (around 2.5 eV at 633
nm) and a band gap around 3.3 eV.
- the samples obtained in conditions where the material is mostly amorphous (T = 60°C sam-
ples) have a much lower index of refraction and a band gap around 3.5 eV. 
Comparing these data with literature values: 
- the index of refraction are in good agreement (rutile has a higher index of refraction than ana-
tase and amorphous material has a low index of refraction). 
- in literature, a band gap of 3.1-3.2 eV is found for anatase [236], while rutile has a lower band
gap (around 3.0 [245]) and amorphous material a much higher band gap (values are reported
from 3.2 to 3.5 eV [100,246,247]). The band gap values measured here are slightly higher than
these literature values, and surprisingly samples having rutile as a dominant phase have a higher
band gap than samples having anatase as the dominant phase [248]. However, such effects have
already been reported in literature and interpreted as short range order effects [234]. 
3-5-2  Transmission
Some selected samples were deposited on quartz substrates and their transmission spectra are
presented in Figure IV-32: 
1. - Sample A: e = 42 nm deposited in rutile giving conditions (T = 140°C, F = 350 mJ/cm2, f
= 1 Hz)
2. - Sample B: e = 120 nm deposited in anatase giving conditions (T = 140°C, F = 100 mJ/
cm2, f = 1 Hz)
3. - Sample C: e = 2.4 micrometre (T = 140°C, F = 200 mJ/cm2, f = 1 Hz)
Comparing samples A and B, the shift of the band gap to higher value going from rutile to ana-
tase is clearly evidenced on these measurements, confirming the ellipsometry results. 
Additionally, this graph shows that the good transparency of the thin deposited films is lost with
increasing the deposited thickness, as shown on sample C, due mainly to the scattering due to
change in morphology from flat to very rough with increasing thickness (see Chapter IV-3-6-3). 96
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-6  Surface morphology 
3-6-1  Series 1: 1 micron thick deposits on glass (f = 5 Hz)
9 samples were deposited on glass (thickness: 1 micrometre, f  = 5 Hz) for different conditions
of surface temperature and fluence and images of the surfaces of the as deposited samples were
realized by SEM (see Figure IV-33 and Figure IV-34). 
 
 
Figure IV-32  UV-vis transmission measurements of some selected samples
F=100 mJ/cm2 F=200 mJ/cm2 F=300 mJ/cm2
T=60°C
T=135°C
T=210°C
Figure IV-33  Low magnification SEM images of deposited film surfaces for different conditions
of surface temperature and fluence97
All samples exhibit a rough surface. The surface structure changes from “sand rose” like (see
Figure IV-34- T = 60°C) to grains (see Figure IV-34- T = 210°C) with increasing the tempera-
ture, and with increasing the fluence, some cracks are observed on the surface, delimiting do-
mains of some tens of micrometres (see Figure IV-33- F = 300 mJ/cm2). These cracks are
believed to be due to thermal effects, due to the high temperatures (up to1000 K) generated by
the laser irradiation (see calculations in Chapter III-4-1-2). 
3-6-2  Series 2: thick samples on F:doped SnO2 on glass
The 4 samples from experiment 2 from Chapter IV-3-4-2 were observed by SEM and some
AFM measurements in friction mode were additionally carried out by Dr. G. Jänchen. The re-
sults are presented in Figure IV-35. These images show that the deposit morphology changes
with increasing the substrate temperature and the fluence. At 210°C, the structure gets more or-
ganized, with the appearance of pyramid like structures on the surface, which are believed to
result from a columnar growth.    
F=100 mJ/cm2 F=200 mJ/cm2 F=300 mJ/cm2
T=60°C
T=135°C
T=210°C
Figure IV-34  High magnification SEM images of deposited film surfaces for different conditions
of surface temperature and fluence98
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 3-6-3  Profilometry
Profilometry measurements carried out always show rough surfaces. Typical profiles from a
thin and a thick films measured with a 1.5 m diameter tip are shown in Figure IV-36. The
roughness measured by profilometry remains constant at a value of about 10 to 20 nm for thin
A)
B)
Figure IV-35  Surface morphology of samples deposited on F doped SnO2 A) SEM images and
B) AFM images99
films until a thickness of typically 500 nm. Above this value, much rougher films are obtained,
with several hundreds of nanometre roughness. 
4  Experiments carried out with the definitive set up: influence of gas phase pa-
rameters
4-1  Influence of oxygen concentration
A series of experiments was carried out, comparing the standard case in which oxygen is used
as the carrier gas and the case in which N2 is used as the carrier gas (using the same carrier gas
flow of 43 sccm).
4-1-1  Growth rate
Two experiments were carried out to evaluate the role of the carrier gas nature on the deposition
rate: 
- First, the substrate temperature was varied keeping the fluence constant, using nitrogen as a
carrier gas to compare with previously obtained results in Chapter IV-3-2-1-3 for the similar ex-
periments carried out with oxygen. The epositions were carried out between 60 and 210° (glass
substrate, N = 5000, F = 175 mJ/cm2 and f = 5 Hz). An Arrhenius plot of the data is presented
in Figure IV-37-A, exhibiting an activation energy of 20 kJ/mol, which is identical to values ob-
tained in the presence of oxygen (see Chapter IV-3-2-1). This result suggests that the reaction
pathways using oxygen or nitrogen as a carrier gas are identical. 
A) B) C)
Figure IV-36  Typical profiles obtained by profilometry with a 1.5 m tip for different film thick-
nesses (deposition conditions: glass substrate, T = 140°C, F = 200 mJ/cm2)
A) B)
Figure IV-37  Influence of the carrier gas nature on the growth rate A) Arrhenius plot of a series
of deposits realized using nitrogen as a carrier gas (F = 175 mJ/cm2, f = 5Hz, N = 5 000) and
B) Comparison of the growth rates obtained as a function of fluence using either nitrogen or ox-
ygen as carrier gas (T = 135°C, f  = 5 Hz, N = 5000 pulses). 100
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters - Secondly, the substrate temperature was fixed at 135°C and the fluence was varied (N = 5000
pulses, f = 5 Hz, glass substrate). The deposits were carried out in a random way with and with-
out oxygen, and the results are presented in Figure IV-37-B. The deposition in presence of ox-
ygen is found to be slightly faster than with nitrogen. 
4-1-2  Deposit properties
The surface morphologies of the films deposited using nitrogen as a carrier gas are found to be
slightly different from those obtained using oxygen. A typical example of such a surface ob-
served by SEM is presented in Figure IV-38, showing much rounder structures than the similar
sample deposited in the presence of oxygen (Figure IV-35). 
A XRD measurement on this sample (see Figure IV-39) shows that it is a mixture of rutile and
anatase, with rutile as the dominant phase, while the similar sample deposited in the presence
of oxygen was anatase type (see Chapter IV-3-4-2). 
4-2  Influence of precursor concentration 
Different deposits were realized on glass substrates, at a medium surface temperature (T =
135°C) and a medium fluence (F = 200 mJ/cm2), with a pulse repetition rate of 10 Hz, varying
the temperature of the precursor bath (tprec = 30, 40 and 50°C) with a line temperature of 80°C,
for 3 different number of pulses. 
The deposited thicknesses versus the number of pulses are presented in Figure IV-40-A for the
three different temperatures, showing that the deposition rate per pulse (slope of each lines) in-
creases with increasing the precursor bath temperature. Assuming that Equation IV-11 applies
in these 3 conditions, a ro value can be calculated from each of these lines and the results are
presented in Figure IV-40-B. 
Increasing the precursor bath temperature increases the vapour pressure of TTIP in the bubbler
(according to Equation II-10) and consequently the TTIP flow assuming saturation of the carrier
gas flow is achieved (according to Equation II-11). Therefore, knowing all the entering gas
A) B) C)
Figure IV-38  SEM pictures of a sample surface using nitrogen as a carrier gas (F doped SnO2
glass, T = 210°C, F = 100 mJ/cm2, N = 50 000 pulses, f = 1 Hz), increasing magnification of
the images from A) to C).
Figure IV-39  XRD data of sample shown in Figure IV-38.(A= anatase,R= rutile ,S= substrate)101
flows in the reactor, the percentage of TTIP in the vapour phase (referred to as %TTIP) can be
calculated. 
A partial order of the deposition reaction with respect to TTIP can be defined as: 
Equation IV-14
where K is a constant depending of deposition parameters. 
can be calculated plotting ln(ro) as a function of  ln(%TTIP): this plot is presented in Figure IV-
40-C. A partial order of   = 0.45 ± 0.5 is found	Similarly, an Arrhenius plot of the deposition
rate versus the precursor bath temperature gives an activation energy of 30.6 kJ/mol, which is
lower than reported values for the precursor enthalpy evaporation of about 60 kJ/mol [88,93].
However, to confirm that the mechanism is not first order with TTIP as reported in literature for
deposition of TiO2 by thermal CVD, the saturation with TTIP of the carrier gas flow should be
checked (same measurements as those presented in Chapter II-1-3-3-1 for the standard deposi-
tion conditions).      
5  Discussion of the results and conclusions
5-1  Deposition in the preliminary set up: photolysis of an absorbed phase
The preliminary set up seems to proceed by a deposition process relatively different from the
one taking place in the definitive set up. The formation of a thick condensed phase of precursor
on the substrate finally decomposed by the laser is very likely, and makes this process closer to
a liquid phase deposition than to a true CVD process.
A) B)
C) D)
Figure IV-40  A) Deposited thickness on glass for different precursor temperatures (glass sub-
strate, T = 135°C, F = 200 mJ/cm2), B) Variation of the calculated parameter ro as a function
of precursor temperature, C) Variation of ro as a function of  the calculated % of TTIP in the
vapour phase and D) Arrhenius plot of the growth rate versus the precursor bath temperature.
r K %TTIP	 
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters As a matter of fact, several elements support the existence of the decomposition of a thick con-
densed layer: 
1. The deposition rate per pulse observed are extremely high, and require the decomposition
of a large number of TTIP condensed layers between two pulses (for instance, for the exper-
iment presented in Figure IV-2-B, the growth rate is 160 times higher than the one obtained
in the definitive set up for similar deposition conditions). 
2. The deposition rate is very sensitive to the amount of TTIP condensed between two pulses,
which is contributing to the reaction. This is evidenced by: 
- The higher growth rates obtained in the substrate region closer to the TTIP input.
- The influence of the repetition rate of the laser shown in Figure IV-4. With increasing
the pulse repetition rate, the growth rate per pulse decreases (see Figure IV-2-A) as less
precursor condenses between two pulses. Similarly, the centre of the deposited area,
which is more difficult to reach by diffusion for the precursor than the edges, has a lower
growth rate (see Figure IV-2-B). A similar effect of precursor depletion due to poor re-
plenishment of the condensed species between two pulses when increasing the repetition
rate is also reported in literature [128,150]. 
3. When heating the substrate, the growth rate first decreases in the low temperature region as
shown in Figure IV-5. This effect, also observed by other authors [169], is explained by a
reduction of the condensation as the substrate temperature increases. 
The preliminary set up operated at room temperature allows high growth rates but the deposited
material is amorphous and still contains some carbon contamination. 
With increasing the temperature, the precursor condensation effect is reduced, and the deposi-
tion process tends more to be a true CVD process, like the one obtained in the definitive set up.
In particular: 
- The activation energy of the Arrhenius plot (20 kJ/mol, see Figure IV-5-B) is similar to the
one obtained in the definitive set up (see Chapter IV-3-2-1-3). 
- The variation of the crystallinity at a given fluence from almost amorphous to rutile to anatase
reported in Chapter IV-2-2-2 is similar to what is observed in the definitive set up (although
crystallite size in the nanometre range seems to be smaller than the ones obtained in the defin-
itive set up). This effects will be discussed later on.   
5-2  Thermal CVD
A kinetically controlled thermal deposition is obtained for substrate temperatures above 150°C,
which is of the same order of magnitude as the temperature values reported in literature (see
Chapter I-2-7-1-1). 
The thermal layers obtained at 210°C consist in titanium oxide, but probably non stoechiometric
as shown by XPS measurements in Chapter V-2-3. The measured optical properties (low index
of refraction and high band gap, see Figure IV-11) prove this material to be amorphous, as ex-
pected from the low growth temperature. 
The growth rate obtained for this thermal growth is only 0.4 nm/min. at 210 °C. 
5-3  Growth rate analysis in the definitive set up
5-3-1  Comparison with the thermal process103
As already described in literature for other systems (see Chapter I-3-4-2-1), the comparison of
the LICVD growth with the thermal CVD growth in similar conditions shows that: 
1. The light irradiation allows to reduce the temperature at which the deposition begins
(150°C for thermal deposition and room temperature for the light induced deposition). 
2. The growth rates obtained by LICVD are much higher than those obtained for thermal
CVD. The ratio of thermal growth rate to the LICVD growth rate is presented in Figure IV-
41-A for fluences between 100 and 400 mJ/cm2 and a pulse repetition rate of 1 Hz. This plot
shows that the thermal growth rate is at maximum 15% of the LICVD growth rate (this
value would be further reduced if higher repetition rates were considered). (The calculations
are carried out using Equation IV-1 and the values for the thermal growth and Equation IV-
10 with averaged values between Equation IV-12 and Equation IV-13 for the LICVD
growth rate). 
3. The Arrhenius activation energy of the LICVD process is smaller than the one for the ther-
mal growth. Figure IV-41-B presents an Arrhenius plot comparing the LICVD process with
the thermal growth process and shows that the activation energy of the LICVD process is
about half the activation energy of the thermal process. This suggests that the two deposi-
tion reaction pathways are different. A similar reduction of the activation energy between
the thermal growth and the LICVD growth has already been reported in literature for simi-
lar deposition studies [128,141]. 
5-3-1-1   Kinetic law for the LICVD deposition: a photolytic process?
A general law describing the deposited thickness e as a function of the process parameters is
derived in this work, combining Equation IV-11 and Equation IV-14: 
Equation IV-15
where [TTIP] is the precursor partial pressure and   the order of reaction with respect to TTIP.
 is the total number of photons (  with t the irradiation time, f the repetition rate and
F the fluence). Ea is the Arrhenius activation energy and T the substrate temperature. 
Comparing with the numerical calculations carried out in Chapter III to evaluate the tempera-
ture rise due to the laser irradiation, the general Equation IV-15 shows that a thermal effect due
to the laser probably plays no role on the deposition rate as: 
A) B)
Figure IV-41  Comparison of the growth rates for thermal deposition and LICVD deposition
(calculations are made using Equation IV-1 and values from  for the thermal deposition in Equa-
tion IV-7 and averaged values between Equation IV-12 and Equation IV-13 for f =1 Hz for the
LICVD deposition). A) Ratio of the thermal growth rate to the LICVD growth rate and B) Arrhe-
nius plot of thermal deposition and LICVD deposition 
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters 1. The growth rate per pulse remains constant when deposition goes on. This is for instance
illustrated by the good agreement between the “step” deposits obtained in Figure IV-19 with
the calculated profiles with a constant rate per pulse. On the other hand, the calculations
show that the value of the surface temperature rise during each laser pulse increases with
the TiO2 deposited thickness (see Figure III-9). 
2. The growth rate does not vary significantly between different substrates as demonstrated in
Figure IV-18 while calculations show the temperature rise depends on the nature of the sub-
strate for thin film thicknesses (see Figure III-9). 
Also, the linearity of the deposited thickness with the number of photons (independently of the
fluence per pulse or the pulse repetition rate) suggests a photolytic process of reaction. 
Similar behaviours of linearity between the deposition rate and the fluence have been reported
by other authors studying LICVD deposition from TTIP and O2 [128,161,249]. Tokita et al.
[128] interpreted this result as a photolytic reaction mechanism. They proposed a model in
which one monolayer of TTIP is absorbed between two pulses on the substrate, and in which
each molecule absorbing statistically a photon reacts. They showed that the deposition rate per
pulse they obtained is of the same order of magnitude as the model value they calculated. 
This model was also tested in our system: 
1. A first remark is that the deposition between two pulses in our system involves the reaction
of more than 1 adsorbed monolayer of TTIP per pulse, which would lead to a maximum
growth rate of 0.016 nm/pulse, which is 15 times lower than the growth rates per pulse we
obtain (up to 0.250 nm/pulse, see Figure IV-12). 
2. From our experimental data: 
        - The ratio between the number of impinging photons on the substrate and the number of
decomposed TTIP molecules that contribute to the deposition was calculated for the standard
deposition conditions from the experimental deposition rates. The detailed calculations are
presented in Appendix G-4 and the results are presented in Figure IV-42, evidencing the var-
iation of this ratio with the substrate temperature. 
       - The probability of absorption of a photon by a TTIP molecule was estimated from the
absorption cross section of TTIP measured in the liquid phase (see Figure II-17) and is also
plotted in Figure IV-42. 
Within the large error bars inherent to the calculation, the two values can be compared to be of
the same order of magnitude. However, the Arrhenius dependence of the deposition rate with
the substrate temperature in our system (compared with the “zero” activation energy reported
by Tokita et al.) implies that the mechanism is more complex than purely photolytic. 
Figure IV-42   Calculated ratio of the number of incident photons to the number of TTIP mole-
cules contributing to the deposition process 105
Several assumptions can be proposed to explain our observations:   
1. An adsorbed reactive intermediate is generated on the substrate with a thermal activation
and this intermediate has a higher cross section of absorption than TTIP (it has already been
reported in literature that the absorption cross section of precursors are modified by surface
adsorption [250] and that some light absorbing intermediates can be generated on the sub-
strate [104]). 
2. Photoreactive intermediates are generated by the laser pulse and react differently as a func-
tion of substrate temperature between the pulses. The reaction of such photo-reactive inter-
mediates between pulses has actually been suggested in similar deposition systems of
oxides using a sequential deposition technique similar to ALD (Atomic Layer Deposition)
[152,153]. To explain our data, the photo-reactive species formation are generated by a
photo mechanism requiring less photons per molecule than the calculated probability from
TTIP absorption cross section. 
3. Another explanation could be that the Arrhenius dependence on substrate temperature orig-
inates from a competition of the LICVD deposition with a purely thermal deposition. 
The third assumption can be excluded here, due to the very small growth rates of the thermal
deposition compared with the LICVD deposition (see Figure IV-41-A). 
The two remaining mechanisms are summarized in Figure IV-43. Our data do not allow to dis-
tinguish between these two possibilities. 
5-4  Deposited material properties
5-4-1  Chemical composition
Thin films (150 nm) analysed by XPS are titanium dioxide without evidence of non-stoechiom-
etry or carbon contamination in the bulk (see Chapter IV-3-3-1). However, the presence of very
small amounts of carbon was evidenced by Raman spectroscopy on thick films (see Chapter
IV). Further investigations are required to understand the origin of this carbon contamination
and to quantify it. 
5-4-2  Crystallinity
The results presented in Chapter IV-3-4 show that the crystalline phase of the deposited material
depends on several process parameters: laser fluence, laser pulse repetition rate, substrate tem-
perature and substrate nature. The main results of these experiments are summarized in Figure
IV-44 as 2D plots showing the crystalline phase as function of substrate temperature and fluence
for different experimental conditions: 
Figure IV-43  Mechanisms proposed for the reaction
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IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters All these data suggest the same distribution of the 3 crystalline domains (amorphous, anatase,
and rutile) on a 2D plot (temperature, fluence), as represented schematically in Figure IV-45: 
1. Increasing fluence at a given temperature, the crystallinity changes from amorphous to ana-
tase to rutile. 
2. At a given fluence: either the transition from amorphous to anatase (at low fluence values)
or the transition from anatase to rutile (at high fluence value) is observed. 
- The transition from amorphous to anatase takes place at substrate temperatures which de-
crease when the laser fluence increases. 
- The transition of anatase to rutile takes place at substrate temperatures which increase with
increasing fluence values. 
However, the borders between the different crystalline domains observed depend additionally
on the other experimental conditions: substrate nature, film thickness and pulse repetition rate.
In particular: 
- With increasing the repetition rate between 1 and 5 Hz, the results from the experiment pre-
sented in Chapter IV-3-4-5 show that at a given substrate temperature, the transitions from
amorphous to anatase and from anatase to rutile are shifted to higher fluence values. 
- With increasing the deposited thickness on silicon between 160 nm and 800 nm at high flu-
ence, the anatase observed at a low thickness disappears at a higher thickness and only rutile
is observed. 
 
Two different directions of explanations are proposed to explain the variation of crystallinity
observed in the different experimental conditions: 
1. Thermal annealing due to the laser induced temperature rise can explain the following
observations: 
A) B) C)
Figure IV-44  Summary of crystallinity data from experiments presented in Chapter IV3-4 A) Ex-
periments 1 and 5 and, B) Experiment 2 and C) Experiment 3
Figure IV-45  Schematic representation of the observed distribution of the crystalline phases of
the deposits in the (T, F) parameter plane (substrate temperature and laser fluence). 
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- At a given substrate temperature in the 2D plot in Figure IV-45: the transition from the low-
est temperature phase of TiO2 (amorphous) to the higher temperature phases (anatase and
then rutile) is observed with increasing the fluence. In Chapter III, we demonstrate that the
temperature rise increases with the fluence in the range of temperature (0-1000 K) where
the transitions between the different titania phases are normally observed. Therefore, the
observed variation of crystallinity in this order can be explained by laser thermal annealing
at different temperatures.
- The same explanation applies to the disappearance of anatase at a low fluence on silicon
with increasing the deposited thickness, as it is shown in Figure III-9-C that the temperature
increases with increasing the deposited thickness.
- The same explanation also applies comparing the results obtained for thick films on glass
to the results obtained for thin films on silicon (Figure IV-44-A and C). The transition to
higher temperature phases are observed at lower fluences for the thick films on glass, which
is in agreement with the calculated simulations showing that the temperature rise is higher
in this case (see Figure III-9). 
2. Variation in the crystalline material nucleation sites at different substrate temperatures
At a given fluence, the appearance of rutile at a lower substrate temperature than anatase is
surprising, remembering that rutile is the high temperature phase. As mentioned in Chapter
I-2-7-1-3 for thermal CVD and in Chapter I-3-5-1 for UV annealing of materials, the nature
of the crystalline phase obtained depends in a complex way on a large number of parameters.
In particular for UV induced crystallization of materials, the crystalline phase obtained has been
found to depend strongly on the material formation process. For instance, Watanabe et al.
[160,161,174] have shown that using a KrF or an ArF laser, the irradiation of an adsorbed TTIP
layer or the LICVD deposition from TTIP and O2 at the substrate surface or in the gas phase
lead in a complex and not clearly understood process to either anatase or rutile. 
They additionally very recently reported, concerning the LICVD from TTIP and O2 with a KrF
irradiation, a similar variation of the different crystalline domains as a function of different
process parameters (substrate temperature, laser repetition rate and TTIP input) [170]. They re-
port that anatase is favoured with respect to rutile at higher substrate temperature and higher rep-
etition rates and that rutile is favoured with respect to anatase at higher TTIP supply. The
interpretation they give of their experimental results is that rutile is always favoured at higher
deposition rate, which takes place in their system at lower substrate temperature and higher
TTIP supply (due to a different CVD regime than the one used in our set up). 
However, even if they observe the same tendencies in the crystalline phases as the ones reported
in this work, their explanation is not valid for our results. On the contrary in our system, the for-
mation of a crystalline deposit and the appearance of the rutile phase with respect to anatase, are
disfavoured by a higher growth rate. This information is supported by: 
- the comparison between the very small crystallites (nanometric) obtained in the preliminary
set up where high growth rates were observed compared to the larger crystallites (tens of nano-
metres) observed in the definitive set up. Thus, the high growth rates tend to suppress the crys-
tallisation. 
- the transition from rutile to anatase at a given fluence with increasing the substrate tempera-
ture, and thus increasing the growth rate in our set up. 
Therefore, it is very likely that the nucleation process of the crystalline germs changes with in-
creasing temperature to germs which favour the appearance of anatase with respect to rutile. 
5-5  Oxygen role in the deposition process
The presence of oxygen tends to increase slightly the deposition rate (see Chapter IV-4-1),
which has already been reported in literature for LICVD deposition of TiO2 [249] and for ZrO2108
IV - Study of the deposition process using titanium tetraisopropoxide precursor, influence of selected parameters deposition. But the involved mechanisms are not clear, like for thermal CVD from TTIP (see
Chapter I-2-7-1-2). 
The results we obtain are somehow similar to results obtained in thermal CVD studies: 
- The deposition reaction pathway is similar for the reactions with and without O2 [92], as con-
cluded from the similar activation energies of the process. 
- The crystallisation to anatase rather than rutile is favoured in the presence of oxygen [83,94]. 
Further investigations are required to evidence better the oxygen influence.    
6  Conclusions
Titanium dioxide thin films with thicknesses from a few tens of nanometres to several microme-
tres are obtained from TTIP and oxygen using a XeCl excimer laser at a substrate temperature
below 210°C. 
The deposition rates (from a few A to 300 nm per minute) are demonstrated to depend mainly
on the process parameters and a general explicit expression for the deposited thickness is given.
Due to this expression precise control of the deposited thickness as a function of the process pa-
rameters: substrate temperature, irradiation dose and precursor concentration is obtained. 
The analysis of the growth rate leads to the proposition of two similar models for the growth
mechanism both implying a photolytic and a thermal reaction steps. Either a reactive interme-
diate is generated by the laser pulse and reacts with a thermal activation on the substrate tem-
perature, or an absorbed species is generated with a thermal activation barrier and reacts
photolytically afterwards. 
The crystallinity of the deposited material (and simultaneously the optical properties which are
correlated to the crystalline state) can be tailored, depending on the deposition conditions. The
nature of the crystalline phase obtained is believed to be due both to a laser induced thermal an-
nealing combined to a different crystallite germ nucleation process as a function of substrate
temperature. 109
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V - Selective area depositionChapter V  Selective area deposition
Light Induced Chemical Vapour Deposition has the advantage to allow for localised dep-
osition in the irradiated area. The ability of depositing structured titania films was
looked at, using a single lens mask projection set up. The resolution of the deposition was
studied on a model configuration experimentally and theoretically. Structures in the
range of tens of micrometres could be realized, the deposit resolution is shown to be lim-
ited by the optical aberrations of the system. The resolution decreases with increasing
the deposited thickness. The optical intensity pattern and the fluence threshold for ad-
hering deposits also explain the slight deviations of the deposited line and slit geometries
from the mask geometry. An application is proposed: realization of complex shape multi-
coloured patterns. 
1  Introduction and state of the art
1-1  Patterned deposition of TiO2: state of the art
LICVD offers a one step processing for patterned deposition by direct writing, mask projection
or contact mask printing which does not need the troublesome multi-steps of photoresist
processing required in photolitography. 
Localised deposition of oxides is interesting for several types of applications: fabrication of mi-
cro-lenses [116], diffraction gratings, optical wave guides, insulating connections in electronics
are some of the applications which are aimed out [142].
By Laser Chemical Vapour Deposition, several techniques have been reported (see Chapter I-
3-1-2-2): laser writing (which was shown to allow submicrometre line width [251,252]) and the
use of masks (with obtained deposit resolution in the tens of micrometre range). 
Few alternative deposition techniques have also been reported in literature to realize selective
area deposition of titanium dioxide: electron-beam decomposition of a condensed TTIP layer
[253] or deposition using a self-assembled monolayer patterning template [254]. 
The feasibility of patterned deposition of TiO2 by LICVD was suggested by Tokita et al. [128]
who reported selective area deposition from TTIP and O2, using perpendicular irradiation of a
KrF laser through a mask. However, the obtained structures had a very poor resolution due to
optical aberrations. 
1-2  Thesis work
As already shown in the previous chapters, our LICVD system is based on a mask projection
set up and allows for localised and patterned deposition in the irradiated area. The aim of this
chapter is to study the selectivity of the deposition. 
- Chapter V-2 shows that, additionally to the selective area deposition, some homogenous un-
localised deposition may occur, and presents its importance and causes.
- Chapter V-3 examines the spatial resolution achievable with this method and the limitation
causes. The results were published in [255]. 
- Chapter V-4 gives a possible application, as decorative or difficult to copy patterns.
1-3  Possible application as a decorative coating
The precise control of the deposited thickness shown in Chapter IV-3-2-1 combined with the
high index of refraction of the deposited material and its transparency in the visible range allows
to deposit very thin films exhibiting bright and well controlled interference colours. The princi-111
ple of interference colours of thin transparent films and the relation between the film thickness
e and the main interference colour  is given in Figure V-1-A . 
Combining this effect with the possibility to realize selective area deposition allows to realize
multi-level patterns, as shown schematically in Figure V-1-B, in which each level exhibits a dif-
ferent colour. Therefore, multi-coloured patterns can be realized. 
The principle of this application and its potential economical importance have already been sug-
gested in several patents [256,257], without clear evidence of the technique used. 
Local and controlled thickness ablation of a SiO2 thin film with ion etching allowed to produce
similar multi-level multi-coloured patterns, with a pixel size of 1 m [258]. 
2  Unlocalised deposition
2-1  Thermal CVD
As presented in Chapter IV-3-1, for substrate temperature above 150°C, thermal decomposition
of the precursor on the substrate is observed. It results in a uniform layer on the substrate around
the LICVD deposit as shown in Figure V-2. In this figure, a patterned deposit is realized on sil-
icon substrate at 210°C using one of the revolving masks presented in Figure II-8. The thermal
CVD layer, clearly identified by the interference colour all around the patterned deposit, is well
adherent to the substrate and does not dissolve in diluted HCl as already mentioned. 
A) B)
Figure V-1  A) Principle of interference colours on a thin film and B) Principle of the multi-level
coloured coatings that can be produced with the LICVD technique
A) B)
Figure V-2  Example of light induced pattern deposit on a uniform thermal CVD layer on silicon
at 210°C A) after 1 hour and B) after 2hours.
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V - Selective area deposition2-2  Condensation and humidity effect
Even at very low temperatures, unspecific deposition was observed in case of condensation of
the precursor on the substrate with traces of humidity. Figure V-3-A shows a light induced de-
posit realized next to an area which was protected by tape from precursor condensation.    
A deposit is clearly observed also in the non irradiated area: this deposit is much thinner than
the LICVD deposit (see Figure V-3-B). This unlocalised deposition is not well adherent to the
substrate (see the scratch made by the profilometer tip in Figure V-3-A) and dissolves in diluted
HCl solution  . 
2-3  Chemical contrast between localised and unlocalised deposition
In the case where no parasitic condensation of precursor takes place on the substrate, 2 deposits
are carried out on a silicon substrate (F =150 mJ/cm2, 150 nm deposited) at 2 different temper-
atures: 135°C and 210°C. XPS measurements were carried out in the centre of the irradiated
area and 2 mm away from it, on as deposited samples. The spectra of the Ti, O and C regions
are presented in Figure V-4. 
A) B)
Figure V-3  A) Example of unspecific deposition due to precursor condensation on the substrate
and B) Profile of the area shown in A.
A)
B)
Figure V-4  XPS spectra in and outside the irradiated area A) T=135°C, no thermal CVD occurs
and B) T=210°C, thermal CVD is observed. 113
In the case of the 135°C deposition, the deposit in the irradiated area is TiO2 with some carbon
contamination (the spectra are entirely similar to the ones analysed in Chapter IV-3-3-1). Out-
side the irradiated area, the amount of titanium is extremely low (around 2 atomic % of the con-
tamination layer).The position of the oxygen peak suggests it is mainly due to contamination
(C-O or O-H), and not to TiO2. 
In the case of the 210°C deposition, both deposits contain titanium, oxygen and carbon in sim-
ilar amounts. The shift of the Ti 2p peak to a lower energy as well the O1s peak shift to a lower
energy suggests that the thermal CVD layer is oxygen deficient (see Chapter II-4-1-3-1). 
3  Study of localised area deposition
The spatial resolution of the deposited structures that could be obtained with the mask projec-
tion system is studied. The aim is to distinguish limitations due to the deposition process from
limitations due to the optical system. 
3-1  Experimental details
A model configuration is chosen, using the mask projection set up described in Chapter II-1-2-
2 with the “resolution mask” (see Figure II-9) and a demagnification factor G = 0.4. The depo-
sition is studied experimentally (varying the deposition conditions) and theoretically (calcula-
tions were carried out by Dr. P. Lambelet, to estimate the aberrations of the optical system and
the diffraction effects). 
Systematic deposition experiments are carried out for 3 different substrate temperatures (T = 60,
100 and 200°C), combined with two different fluence ranges (a low fluence range: FL= 90-140
mJ/cm2 and a high fluence range: FH =180-230 mJ/cm2) and 3 different number of pulses (N
=2000, 4000 and 6000). The precursor flow in this experiment was observed to be very low,
saturation of the carrier gas with precursor not being achieved. The deposited thickness in the
“large deposited area” measured by profilometry follows the behaviour highlighted in Chapter
IV-3-2-1, within the large experimental uncertainties. Briefly, the deposited thickness is propor-
tional to the number of pulses (Figure V-5-A) and to the fluence (Figure V-5-B) and follows an
Arrhenius behaviour with respect to the substrate temperature (Figure V-5-C). Calculated pa-
rameters for this set of data are: ro = 0.013 0.003 and Ea = 13.8 	kJ/moles. They are quite
different from the ones obtained in Chapter IV-3-2-1, but this can be explained by the fact that
the precursor flow was anormally low in this experiment inducing that the deposition was prob-
ably in a precursor limited regime. 
A) B) C)
Figure V-5  Deposited thickness of the deposits carried out versus deposition process parameters
A) versus number of pulses, B) versus fluence and C) Arrhenius plot versus reciprocal tempera-
ture. 114
V - Selective area deposition3-2  Size of the deposit patterns
3-2-1  Comparison between deposited lines and undeposited slits
Patterned deposits with structures in the range of tens of micrometres are realized in the image
plane, as shown in Figure V-6. The widths of the deposited lines and undeposited slits vary lin-
early with the width of the parent mask pattern with a slope corresponding to the demagnifica-
tion factor G (see examples presented in Figure V-7-A and B. The small difference in
demagnification factor G from an experimental series to the other is due to the final fine posi-
tioning of the optics). The interesting point in this figure (Figure V-7) is the position of the ex-
perimental data with respect to the “ideal” curve corresponding to the multiplication of the
parent mask structure width by the demagnification factor G applied: 
- in the case of the undeposited slits, the experimental data lay above the “ideal” curve, showing
that the undeposited slits are wider than expected.
- in the case of the deposited lines, the experimental data lay below the “ideal” curve, showing
that the deposited lines are narrower than expected. 
These two observations mean that in all cases, the deposited area is narrower than expected, as
already mentioned in Chapter II-1-2-3-2. 
A)
B)
Figure V-6  Microscope images of pattern deposits realized in the image plane: deposit appears
clear and substrate dark A) undeposited slits (T=60°C, F=100 mJ/cm2, 2000 pulses) and B) de-
posited lines (T=60°C, F=200 mJ/cm2, 1000 pulses.) 
A) B)
Figure V-7  Size of the deposit patterns versus the parent mask structure size A) Example of un-
deposited slits (T = 60°C, F = 100 mJ/cm2, 1000 pulses) and B) Example of deposited lines (T
= 60°C, F = 100 mJ/cm2, N = 1000 pulses)115
This can be explained by the existence of a threshold fluence to obtain adhesive deposits (see
Chapter IV-3-2-1-1) together with the non-rectangular shape of the light-intensity profile (see
Chapter V-3-2-2): adhesive deposits are only obtained in the irradiated area where the local flu-
ence is high enough (see Figure V-8). This effect must clearly be considered when designing
masks to obtain a desired pattern with a precision of less than 10 micrometres.
Typical cross sections of the deposit patterns obtained by profilometry are presented in Figure
V-9. Figure V-9-A shows the undeposited slit area, proving that quite rectangular slits of differ-
ent widths can be obtained. Figure V-9-B shows a superposition of the profilometer data for the
4 deposited lines together with the large area deposit realized simultaneously: for the larger
mask slits, the corresponding deposited lines are quite flat-top and have a thickness very similar
to the thickness of the neighbouring large area deposit. For the narrower mask slits, the corre-
sponding deposited lines have a more peak-like shape and they are not as high as the neighbour-
ing large area deposit. 
The shape of these deposited lines can be explained by the optical intensity profile calculations
as shown in Chapter V- 3-2-2. 
3-2-2  Theoretical modelling of the intensity distribution by imaging a mask slit
Our simple imaging system composed of a single lens deviates from ideal imaging due to two
main aberrations: spherical aberration and diffraction effects. 
Figure V-8  Proposed explanation why deposited areas are narrower than expected, combining
the non rectangular light profile and the fluence threshold for adherent deposits.
A) B)
Figure V-9  A) Profilometry of undeposited slit area, showing four different slits of different
widths (T=60 °C, F=100 mJ/cm2, 1000 pulses) and B) Superposition of profiles of four deposited
lines and neighbouring large area deposit (T=60 °C, F=100 mJ/cm2, 2000 pulses).
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V - Selective area depositionSpherical aberration is caused by the non ideal (spherical) surface of the plano convex lens,
which causes a difference in the lens thickness crossed by the rays at different positions. This
means that the smaller the area of the lens used around the centre, the better the resolution. 
The loss of resolution due to diffraction is mainly due to the diffracted rays which are not col-
lected by the lens: therefore, the larger the used area of the lens, the better the resolution. 
Figure V-10 shows quantitatively the evolution of the transversal aberration as a function of the
used diameter of the lens for the spherical aberration and the diffraction.
The intersection between the two curves gives an optimum of the wall definition achievable
with our system: 6 micrometres. 
Supposing that a highly coherent laser source at 308 nm illuminates with a rectangular intensity
profile a mask slit, the intensity distribution is simulated in the image plane. The calculations
are based on a combination of ray tracing and weighting of ray intensities by the far field dif-
fraction pattern. The different steps of the calculations are described briefly in Appendix G-2.
The simulated intensity distributions for different slit widths between 10 and 200 micrometres
A) B)
Figure V-10  A) Aberrations of the optical system and B) Simulated intensity profiles on the sub-
strate when imaging different mask slits with G = 0.4 (Program written by Dr. P. Lambelet, see
Appendix G-2)
Figure V-11  Comparison of the experimental deposit profiles and simulated intensities in the
image plane for G=0.4 and different mask slit widths (Deposition conditions: (T=60°C, F=100
mJ/cm2, 2000 pulses).117
imaged with a reduction factor G = 0.4 are presented in Figure V-10-B. The difference between
the simulation and the real case is that our laser coherence is very low, which results in de-
creased edge slopes and the interference wave disappearance [259]. In this simulation, reducing
the slit width from 200 to 10 micrometres, the profile of the lines changes from almost rectan-
gular to more peak-like profiles and the intensity decreases
Figure V-11 compares measured deposited line profiles with calculated intensity profiles for the
different mask slit widths. The good comparison between the two sets of curves show that in the
used set up, the resolution of the deposition process is limited by the optical aberrations (and not
by heat conduction, surface diffusion or other effects).
3-2-3  Influence of deposition parameters on the spatial resolution
Optical microscope images of patterned deposits with varying the fluence and the substrate tem-
perature are presented in Figure V-12-A for undeposited slits and Figure V-12-B for deposited
lines. These images show that the fluence has got no clear effect on the definition of the edges.
With increasing the substrate temperature however, the definition of the edges is drastically re-
duced, the whole substrate being more and more covered by unlocalised deposition. At 200°C,
an unselective layer of thermal deposition (in good agreements with results show in Chapter V-
2) clearly covers the whole substrate. 
A)
B)
Figure V-12  Fluence and temperature influence (for constant number of pulses N =4 000, for 2
different fluences FH and FL and 3 different substrate temperatures: T =60, 100 and 200 °C):
optical microscope images of A) the undeposited slits resulting from the 130 micrometre mask
line, and B) the deposited lines resulting from the 130 micrometre mask slit (S stands for sub-
strate)
A) B)
Figure V-13  Influence of the thickness on the deposit pattern aspect by varying the number of
pulses N A) Undeposited slits and B) Deposited lines118
V - Selective area depositionAdditionally to these effects, the edge definition of both slits and lines decreases with increasing
the number of pulses at constant fluence and temperature. An example of this effect is shown in
Figure V-13. 
The edge of very thin films (less than 200 nanometres) is always measured to be around 10 mi-
crometres. A typical optical microscope image of an undeposited slit is shown in Figure V-14-
A and an AFM study of the same slit is shown in Figure V-14-B. Both measurements yield to
the same edge definition (12 micrometres in this particular example), though validating optical
microscopy measurements of the edge definition. 
For very thick films (several micrometres), the edge width can exceed several tens of microme-
tres, as shown in Figure V-14-C. This effect is attributed to scattering of light by the deposit. 
An additional important fact is that with increasing the thickness, the loss of definition of the
edges due to a bad focalisation is enhanced: this effect is clearly evidenced in Figure V-14-D,
where the thickness of the deposit is increased step by step from left to right. Simultaneously
the edge width of the halo increases. This confirms the explanation that the loss of resolution
with increasing thickness is due to an accumulation of light dose outside the main irradiated ar-
ea, due either to light scattering by the deposit or to a bad focalisation. 
4  Realized applications: multi-level multi-coloured patterned deposits
The selective area deposition is combined with the precise control of the deposited thickness
shown in Chapter IV-3-2-1, to realize multi-level multi-coloured patterned deposits, based on
the principle described in Figure V-1 and using the revolving mask system described in Figure
II-8. Due to the high refractive index of titanium dioxide (see results from Chapter IV-3-5), var-
A) B)
C) D)
Figure V-14  A) Top view microscope image of a thin film edge of an undeposited slit (e =50 nm,
deposited on Si at 110°C, F =120mJ/cm2, G=0.25), B) AFM cross section of the same slit, C)
SEM cross section image of a 7 micrometre thick film edge (deposited at 200°C on SnO2 at
200°C, F =120 mJ/cm2, G = 0.25 and  D) Optical microscope image of a deposit in which the
deposited thickness increases from left to right (deposited at T=210°C on Si, F=400 mJ/cm2),
slightly out of focus.119
iations in colours are obtained for very small variations of the deposited thickness. This appli-
cation was described in a publication [260].
4-1  Example of realization of different colours with controlled deposited thickness
A series of 13 deposits is realized on silicon in standard deposition conditions, with T = 135°C
and F = 110 mJ/cm2, varying the number of pulses from 1000 to 13 000 with increments of 1000
at 5 Hz. Images of the samples are presented in Figure V-8-A. 
On the right part of the samples where the colours are found to be homogeneous (the inhomo-
geneity being due to the laser pulse inhomogeneity), the deposited thicknesses were measured
and plotted versus the number of pulses. Images of the different colours obtained in the meas-
ured area are reported on top of the graph in Figure V-15-B. Additionally, UV-VIS-NIR meas-
urements of the samples in reflectivity mode were taken: results are presented in Figure V-16A.
For all the samples, a flat area with a reflectivity close to 25% is found at wavelengths below
350 nm, corresponding to the TiO2 band gap. In this range, all the light is absorbed in the film
and the reflection is only due to the reflection at the film-atmosphere interface. A first maximum
of the reflectivity curve (corresponding to the first interference order, p = 1 in Equation D-11)
is obtained for a wavelength value 1 which shifts from blue to red with increasing the film
thickness. For higher thicknesses, a second maximum of the reflectivity data 2 (corresponding
to the second interference order, p = 2 in Equation D-11) is obtained in the UV. The data1 en-
A) B)
Figure V-15  A) Picture of 13 deposits carried out with increasing the number of pulses (silicon
substrate, T =135°C, F = 110 mJ/cm2, 5 Hz) and B) Deposited thickness versus number of pulses
measured in the same right up corners of the deposits. Observed corresponding colours in this
area are presented in the upper part of the graph.
A) B)
Figure V-16  A) Reflectivity measurements as a function of film thickness and wavelength. B)
Calculated index of refraction  from positions of 1 maxima. (uncertainties assumed: 5 nm error
on thickness and 10 nm on 1 determination). 120
V - Selective area depositionable to calculate the index of refraction n versus 1 knowing the film thickness e (using Equation
D-11). The results are presented in Figure V-16-B. The estimated values obtained from this plot
confirm the high index of refraction measured in Chapter IV-3-5.
The reflectivity spectra are also used to position the colours in a standardized 2D colour space
developed by the CIE in 1931 [261] (Commission Internationale d’Eclairage), which remains
the international standard used in colorimetry and photometry. The model is based on the re-
sponse of the three photo receptors of the human eye (tristimulus value) and results in a 2D plot
(Figure V-17-A). The border of the chart represents the saturated colours, while the unsaturated
colours lay in the centre around the white point. Details on the calculations of the (X,Y) coor-
dinates based on the normalized value for an incidence angle of 10° are given in Appendix E-2. 
The results for our films are presented in Figure V-17-B: all the colours around the white point
can  be obtained by varying the thickness between 5 and 150 nm, but with a limited saturation.   
4-2  Examples of patterned deposits obtained: Sierpinski-based triangles
A revolving mask was realized with 7 successive generations of Sierpinski triangles [262]. The
deposits obtained through all individual masks are presented in Figure V-18-A, as well as the
final pattern in which all these shapes are superposed. Figure V-18-B shows a 3D profile of the
final pattern (with a grid resolution of 60 m), proving that the colours are directly correlated
with the thickness, as expected. 
A) B)
Figure V-17  A) CIE 1931 space colour with additional plot of our data  and B) Zoom on our
data in the CIE plot indexed by the film thicknesses
A) B)
Figure V-18  A) Individual deposition through all the openings of the revolving mask and final
pattern obtained by superposing all these shapes (Glass substrate, T=140°C, F=250 mJ/cm2,
N=2000 pulses, step of 500 pulses in the final pattern) and B) 3D profilometry of the final pat-
tern.121
The smallest generation of triangles is visible only for a very precise adjustment of the optics.
Figure V-19-A shows a triangle pattern with a zoom on the smallest generation, showing a pos-
sible smallest pattern around 30 micrometre for this 7th generation. 
Figure V-19-B shows a typical example of the definition of the edges between the different de-
posited levels: a resolution of the edges around 10 micrometres is measured. 
4-3  Variability of the technique
Different revolving masks were realized (see Figure II-8-B), proving that very different pattern
shapes can be obtained. Additionally, a wide range of colours is possible. Examples of patterns
obtained with different masks are shown in Figure V-20. This technique is also very versatile in
A) B)
Figure V-19  A) Example of the smallest generation of Sierpinski triangles (Glass substrate,
F=210°C, F=150 mJ/cm2, N=1000 + step of 500 pulses) and B) Example of a detailed edge be-
tween different deposited triangles. 
Figure V-20  Examples of multi-level patterns obtained using different masks (silicon substrate,
T=140°C, F=200 mJ/cm2 1000-6000 pulses)122
V - Selective area depositionterm of substrate, as deposition is possible, even on thermo-fragile substrates, such as polymers
(see Chapter VI).
5  Conclusions
Selective area deposition of titanium dioxide from titanium tetra-isopropoxide and 308 nm
XeCl irradiation is demonstrated. Provided the substrate temperature is kept below 150°C so
that no thermal deposition takes place, a very good chemical contrast is demonstrated between
irradiated and non irradiated areas.
The resolution of the obtained pattern is studied using image projection of a free standing mask
on the substrate with a single lens. Patterns with sizes in the range of tens of micrometres are
obtained, with edge resolution in the order of 10 micrometres. 
Theoretical calculations demonstrate that this limit of resolution is due to the optical aberrations
of the optical set up. Under the conditions which are used in this work, no evidence of a resolu-
tion limit due to the LICVD growth process can be evidenced. However, the resolution is shown
to decrease with increasing the deposited thickness, which is attributed to cumulative effect of
small irradiation doses outside the main irradiated are, due either to scattering by the deposit or
to setup misalignment. 123
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VI - Deposition on thermo-fragile substratesChapter VI  Deposition on thermo-fragile substrates
The deposition of titanium dioxide on polymer substrates by LICVD has been poorly in-
vestigated in literature. In this chapter, the possibility to deposit titanium dioxide on
polymer substrates is demonstrated. Compared to “classical substrates”, only low flu-
ences can be used. High index of refraction thin films are deposited but films are amor-
phous, contain come carbon contamination and crack above a certain thickness. The
deposition on ITO coated PET is also demonstrated at very low fluences. 
1  Introduction, state of the art
1-1  Low substrate temperature deposition of TiO2
One motivation of reducing the substrate temperature for deposition is the possibility to deposit
on thermo-fragile substrates. Several applications would require titanium dioxide films on pol-
ymer substrates, such as for instance the use of TiO2 films as UV filter on sunglasses or photo-
voltaic applications (see Chapter VI-1-4). 
The deposition of titanium dioxide films at low substrate temperatures (room temperature to
200°C) has been reported to be successfully achieved by a broad range of different techniques:
reactive magnetron sputtering [263], PECVD [100], evaporation [199,264], CVD [265], UV-
irradiated sol gel [163], ALE [79]. At these low deposition temperatures, the deposited material
is very often amorphous, although few authors report crystalline material [263]. 
1-2  Deposition on polymer substrates
However, only a few techniques have been reported to allow deposition on polymer substrates: 
- Ding et al. [266] report the deposition of rutile TiO2 on polyester substrates at room tempera-
ture by reactive ion beam assisted deposition. 
- Shimizu et al. [267] realized the deposition of anatase TiO2 on different polymer substrates
(PE, PP, PVC, PMMA, PET, etc....) from aqueous solutions of titanium tetra-fluoride. Howev-
er, they describe problems of adhesion on the substrates.
- Straumal et al. [268] claim the deposition of TiO2 on plastics by vacuum arc deposition. 
- Ben Amor et al. [269,270] report the deposition of a mixture of amorphous and anatase titani-
um dioxide on PET by r.f. magnetron sputtering. 
- Lobstein et al. [205] report the deposition of titanium dioxide on PET by Pulsed Laser Depo-
sition. 
1-3  Deposition on polymer substrates by LICVD
Tokita et al. [128] claim the deposition of TiO2 on polypropylene substrates, by LICVD from
TTIP and oxygen using an ArF and a KrF excimer laser without giving any further information
on the results. To the best of my knowledge, no other articles have been published on LICVD
deposition on polymer substrates. 
1-4  Grätzel’s type photovoltaic solar cells
A motivation of studying LICVD of TiO2 at the very beginning of this project was the potential
deposition of crystalline anatase films on polymer substrates for photovoltaic application. The
operating principle of the aimed Grätzel’s type photovoltaic solar cells is briefly described be-
low. 125
1-4-1  Presentation of the principle of the solar cells
The supply of energy from the Sun to the Earth is gigantic, (3 x 1024 joules per year), about
10,000 times more than mankind current energy consumption [271]. However, only a small por-
tion of the worldwide consumed energy is presently generated by photovoltaic panels. There-
fore, a lot of research is carried out on photovoltaics. 
At the beginning of the 90’s, a new type of solar cells developed, using a mimetic principle to
natural photosynthesis: a dye-sensitized solar cell [272]. The operating principle of this type of
solar cells is presented schematically in Figure VI-1. A dye is absorbed at the surface of a large
band gap semi-conductor layer: the current is generated when a photon absorbed by a dye mol-
ecule gives rise to an electron injection into the conduction band of the semi-conductor. The dye
is then regenerated by an electron transfer from a redox species in solution which is then itself
reduced at the counter electrode. 
1-4-2  How could LICVD of TiO2 be helpful for this type of solar cells?
TiO2 anatase has become the semi-conductor of choice for this application, under a mesoporous
nanocrystalline morphology. The conventional technique to produce this oxide layer is by sol-
gel processing, which requires annealing at high temperatures [18], therefore making difficult
the use of polymer substrates. A lot of effort is presently concentrated on this aim, varying the
annealing treatment of the sol gel processing or trying to use new deposition techniques. 
Realizing such solar cells on polymer substrate is highly interesting from an industrial point of
view (polymers are lighter than glass, and every day life objects that could easily be powered
by such solar cells, such as watches or calculators, are very often made of plastics).
In this work, the possibility to realize titania layer on transparent conductive oxide (TCO) coat-
ed polymer is looked at. 
2  Deposition on polymer substrates 
2-1  Tested polymer substrates
The deposition on thermo-fragile substrates such as polymers is a challenging issue as already
mentioned. In this chapter, the possibility to use the low temperature deposition process, which
was studied in Chapter IV on polymer substrates, is evaluated. 
Different polymers, mostly transparent, are looked at: polymethyl methacrylate (PMMA), poly-
carbonate (PC), polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and
Kapton (polyimide, PI). Molecular structures of these polymers are shown in Figure VI-2.  
A) B)
Figure VI-1  Principle of Grätzel’s photovoltaic cells A) Schematic cross section of the solar cell,
B) Reactions taking place in the solar cell
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VI - Deposition on thermo-fragile substratesThe light absorptions and the reflectivity of the used polymers were measured experimentally
(the spectra are presented in Figure E-6). The light penetration depth (l, Equation III-5) at 308
nm, the heat penetration depth (lT, Equation III-6 calculated with  = 200 ns) and the critical
temperature above which the polymer degrades (Tc) are summarized in Table VI-1. All these
polymers are characterized by low degradation temperatures and low thermal diffusion lengths,
and differ mainly by their chemical structures and by their transparency at the used wavelength. 
2-2  Resistance of the polymers to laser irradiation
The laser induced ablation or damages of all these polymers films were tested in the LICVD
chamber using standard deposition conditions (in the absence of precursor) and a substrate tem-
perature of T = 60°C, a repetition rate f =1 Hz, varying the fluence F. The results are summarized
in Table VI-2. 
According to the results presented in Table VI-2, the polymers can be classified in 3 groups: 
- polymers exhibiting no ablation in the considered conditions: PMMA. 
The result for PMMA is consistent with literature data showing that it is resistant to ablation at
308 nm and that its ablation requires doping with photo-sensitizers [273,274].
- polymers which are damaged without ablation evidence: PP and PE. Microscope images of
the damaged areas are presented in Figure VI-3-A and B. 
- polymers which are ablated: the ablation curves are presented in Figure VI-3-C, D and E.
A) B) C)
D) E) F)
Figure VI-2  Chemical structures of the different polymers used A) Polymethyl methacrylate, B)
Polycarbonate (of A-bisphenol), C) Polyethylene, D) Polypropylene, E) Polyethylene terephtha-
late and F) Aromatic heterocycle polyimide like Kapton. 
Polymer PMMA PC PP PE PET PI
l (m) 2500 536 434 95 12.5 6
lT (nm) 297 346 - 446 203 249
Tc (°C) 105 120-150 90-120 55-95 110-175 235
Table VI-1  Optical and thermal penetration depths of the used polymers and their temperature of thermal degra-
dation. 127
The polymers which are ablated are: 
1. PC. Much higher threshold fluences for ablation are reported in literature (2.11 J/cm2 [275])
compared to our measurements, which might be due to the fact that we use a commercial
polymer with additives. 
2. PET. Higher ablation threshold fluences than the values determined here are also reported
in literature (170 mJ/cm2 for a 20 ns pulse [276]). 
3. PI. Similar ablation threshold fluences to the measured value are reported in literature
[180,277]. 
In summary, PMMA appears to be the most promising substrate for LICVD. With all the other
polymers, the fluence range normally used in Chapter IV induce damage of the polymer. 
Irradiations carried out Results
PMMA 2000 pulses
F = 60 to 300 mJ/cm2
no ablation or damages 
observed
PC 1200 pulses
F = 20 to 510 mJ/cm2
ablation measured above 80 
mJ/cm2
PP 1000 pulses
F = 20 to 350 mJ/cm2
damages measured at flu-
ences above 170 mJ/cm2
PE 1000 pulses
F = 40 to 300 mJ/cm2
damages measured at flu-
ences above 190 mJ/cm2
PET 500 pulses
F = 40 to 380 mJ/cm2
ablation measured above 90 
mJ/cm2
PI 500 pulses
F = 20 to 230 mJ/cm2
ablation measured above 50 
mJ/cm2
Table VI-2  Conditions of irradiation of the different polymers and results observed.
A) B)
C) D) E)
Figure VI-3  Irradiation of polymer substrates with the conditions reported in Table VI-2 A)
damage in PE, B) damage in PP, C) ablation in PC, D) ablation in PET with microscope image
of the obtained structure and E) ablation in PI. 128
VI - Deposition on thermo-fragile substrates2-3   Deposition on PMMA
2-3-1  Ablation in deposition conditions with precursor
Deposition is tested on PMMA in standard deposition conditions, with a substrate temperature
T = 60°C. 
The first result obtained is that in the presence of precursor, ablation of the PMMA substrate is
observed to take place over a wide range of fluence. Figure VI-4 presents the results obtained
irradiating with 10 000 pulses at f = 5Hz. An increasing ablated depth is observed with increas-
ing fluence from 80 mJ/cm2 to 250 mJ/cm2. For fluences below 40 mJ/cm2, a deposit is meas-
ured on the substrate, consisting of a thin film, cracked above a certain fluence (see optical
microscope image in Figure VI-4-B for F = 16 mJ/cm2). 
The second result obtained when trying to deposit on PMMA is that at a given fluence, the ab-
lated depth in the polymer increases with increasing the number of pulses.
An example of this effect is presented in Figure VI-5, where irradiation is carried out through
the triangle revolving mask (F =180 mJ/cm2, f = 5 Hz, base triangle: N1 = 5000 pulses, 2nd and
3rd generation triangles: N1 + N2 = 7500 pulses, 1st and 4th generation triangles: N1 + N3 = 12500
pulses). Profiles of selected lines of the obtained pattern are presented in Figure VI-5. They
prove that the ablated thickness is not linear with the number of pulses, but increases drastically
with it. This is believed to be similar phenomena to the incubation period for ablation normally
observed on PMMA (the first pulses create defects in the polymer which are light absorbing and
induce more light absorption leading to ablation). Figure VI-5-C is a zoom on the structure of
the irradiated area, showing that the polymer is covered by small deposit domains. These do-
mains are light absorbing and induce the polymer ablation.
A)      B)
Figure VI-4  PMMA ablation in deposition conditions as a function of fluence (f = 5 Hz, N =
10’000 pulses) and B) Optical microscope images of the irradiated area for different fluences. 129
2-3-2  Successful deposition at very low fluences
These results show that deposition on PMMA can only be possible at much lower fluences,
which is presented in the following. 
2-3-2-1  Variation of the deposition with the irradiation dose
Deposits are obtained successfully in the fluence range from 1 to 15 mJ/cm2. Examples of step
deposits obtained in such conditions are presented in Figure VI-6.
Similarly to what was obtained for “classical” substrates, the deposited thickness increases lin-
early with the irradiation dose. From thickness measurements and applying Equation IV-11,
supposing a value of Ea = 21.3 kJ/mol, ro values from 0.1 to 0.3 are obtained, which is in good
agreement with the results obtained in Chapter IV. This proves that, similarly to what is dem-
onstrated in Chapter V for other substrates and at higher fluences, the deposited thickness can
be very precisely controlled on polymer substrates as well. 
A) B)
C) D)
Figure VI-5  PMMA ablation in deposition conditions as a function of the number of pulses.130
VI - Deposition on thermo-fragile substrates2-3-2-2  Deposited material properties
UV-vis spectrometry in transmission was carried out on the differently coloured regions of the
sample presented in Figure VI-6-B and the obtained spectra are shown in Figure VI-7. The sam-
ple is shown to be highly transparent over the whole visible range (the main absorption is due
to the PMMA absorption). The estimation of the index of refraction from the measured depos-
ited thickness and the position of the coherent interferences (minima of the transmission curve)
using Equation D-11) gives a value of n = 2.6 		
Additionally, some optical images of the different deposited areas with increasing the film
thickness are presented in Figure VI-7-B. Keeping the deposition parameters constant and in-
creasing the deposited thickness, some cracks appear in the titania films. These cracks are be-
lieved to be due to thermal effect at the polymer-film interface, as the temperature of this
interface increases with increasing the deposited thickness (as shown by temperature simulation
in Chapter III-4-2-2). 
The chemical composition of the deposited material was investigated by XPS. The results ob-
tained on a selected sample are presented in Figure VI-8. After calibration of the spectrum with
respect to the C 1s peak at 285 eV, the expected positions for TiO2 are found on the as deposited
samples for the Ti 2p peaks and the O 1s peak. The O 1s peak additionnaly exhibits a shoulder
A) B)
Figure VI-6  Deposition on PMMA A) Step deposit (T = 60°C, F = 8 mJ/cm2, f = 5 Hz, from right
to left: 5000 more pulses per step, maximum thickness: 12  5 nm) and B) Step deposit: on the
lower part of the sample: F = 5 mJ/cm2, N= 50 000 added from right to left, large rectangle
above: F=15 mJ/cm2, N=50 000. 
A)    B)
Figure VI-7  A) UV-vis transmission spectra of the different areas of the sample shown in Figure
VI-6-B (the lower part of the sample is indexed 1, while the higher part is indexed 2 and the large
rectangle is indexed base) and B) Optical microscope images of different thickness film surfaces
(blue1, pink 2 and green 2). 131
at 532 eV characteristic of surface contamination. After removal of the surface contamination
by sputtering, the depth profile of the different elements shows an average chemical composi-
tion in the bulk of Ti : 30.6  1%, 
	 1.1% and C : 8.6  1.5%. This proves that stoichi-
ometric TiO2 is obtained with an additional 9% C contamination. 
The crystallinity of the deposited material was investigated by Raman spectroscopy and TEM
cross sections. The Raman spectrum exhibits no peaks other than the substrates one (see Figure
VI-9-A), which is characteristic of an amorphous material. The TEM cross section confirms the
absence of any crystallinity (see Figure VI-9-B) at a scale down to 2 nm. 
A) B)
C) D)
Figure VI-8  XPS measurements on a film deposited on PMMA (F=5 mJ/cm2, 100 nm thick film)
A) Ti 2p region, B) O 1s region, C) C 1s region and D) Depth profiles of the different elements.132
VI - Deposition on thermo-fragile substrates2-4  Deposition on other polymers
The eposition on other polymers was also carried out successfully using low fluences. Some ex-
amples are presented in Figure VI-10. The deposits obtained on PC are very similar to the de-
posits obtained on PMMA, while only very cracked deposits (even for very low thicknesses)
were obtained on PET and PI. 
3  Deposition on polymer + TCO
For a possible use of our deposits in the proposed solar cell application on polymer substrates,
deposition on polymers coated with a TCO is required. The deposition is therefore intended on
commercially available samples PET coated with 100-250 nm ITO. 
3-1  Damage to the polymer + TCO substrate under irradiation
Similarly to the results presented for polymer substrates, damages induced by irradiation on the
ITO coated PET were first tested as a function of fluence. The results are presented in Figure
VI-11, showing that the material is strongly ablated for fluences above 80 mJ/cm2. 
A) B)
Figure VI-9  A) Raman spectrum of a selected sample (250 nm thick film, F=5 mJ/cm2) com-
pared to the PMMA substrate spectrum. Expected position of the anatase (A) and rutile (R) peaks
are indicated and B) High resolution TEM cross section image of a selected sample (100 nm
thick film, F=5 mJ/cm2).
A) B) C)
Figure VI-10  A) Deposition on PC of a pattern deposit with the revolving mask system (T =
60°C, F = 3 mJ/cm2, f =5 Hz and N = 50 000 per step), B) Deposition on Kapton with an inho-
mogeneous laser beam (T = 135 °C, F = 15 mJ/cm, N = 10 000 pulses) and C) Deposition on
PET (T = 60 °C, F = 15 mJ/cm2, N = 15 000 pulses)133
To understand better the process, single pulse irradiations were carried out on the ITO coated
PET and resulted in the complete removal of the ITO layer at fluences higher than 40 mJ/cm2.
An example of the profile of an ablated line after 1 pulse is presented in Figure VI-12-A. Resis-
tivity measurements at the surface show that the electrical contact is cut in the irradiated area.
An image of such an ablated area is presented in Figure VI-12-B, showing the sharpness of the
edges. 
For higher fluences, the removal of the film by the very first pulse is followed by the PET ab-
lation. An example of the profiles obtained after the first pulses is presented in Figure VI-13-A.
A SEM image of the ablated surface after 10 pulses clearly evidences the static structures ob-
tained by ablation in PET [278] (see Figure VI-13-B). 
Actually, this laser removal of the ITO layer, which is found to be a drawback in our system, is
studied in literature as an advantage to obtain patterns in the ITO films [279,280]. 
Figure VI-11  Ablation of the 150 nm ITO film coated PET as a function of fluence (100 pulses)
A) B)
Figure VI-12  Removal of the ITO layer on PET by a single pulse a) Profile of an ablated line
and B) Optical microscope image of a patterned area (the light area is the ablated part)134
VI - Deposition on thermo-fragile substrates3-2  Deposition on TCO and possible application for solar cells
Similarly to deposition on bulk polymer substrates, deposition on ITO coated PET was realized
successfully at fluences below 40 mJ/cm2. Examples of such deposits are presented in Figure
VI-14-A. The resistivity measurements show that the electrical contact is maintained below the
deposited area. 
3-3  Chemical composition of the deposits obtained
XPS analyses were carried out on a selected as deposited sample (T = 60°C, f = 1 Hz, F = 15
mJ/cm2, N = 10’000) and after different sputtering times (see Figure VI-15). 
The Ti 2p peaks are observed at the correct position for TiO2, as well as the O 1s peak.
A) B)
Figure VI-13  A) Profiles of a ITO coated PET sample ablated after the first pulses at F = 200
mJ/cm2 and B) Surface of the sample after 10 pulses, showing the ablated polymer
A) B)
Figure VI-14  Examples of deposits obtained on PET + ITO A) F = 5 mJ/cm2, e= 80 nm and B)
F = 10 mJ/cm2, e = 240 nm
A) B) C)
Figure VI-15  XPS results on a deposit realized at low fluence on ITO coated PET. Spectra are
presented for different sputtering times. A) Ti 2p region, B) O 1s region and C) C 1s region135
Some carbon contamination is observed at the surface and is also still visible in the bulk after
10 minutes of sputtering. This carbon contamination is similar to the result obtained on PMMA
and differs from the chemical analyses on samples deposited at higher fluence on glass (Chapter
IV-3-3-1). The chemical surface composition of the as deposited sample is Ti: 19%, O: 63% and
C: 18%. The excess of oxygen with respect to titanium is due to the fact that the surface con-
tamination layer also contains some oxygen linked to the carbon. 
4  Conclusions
Deposition on polymer substrates by LICVD is, to the best of my knowledge, demonstrated for
the first time. Due to the absorbing TiO2 film, the accessible fluence range is limited to fluence
values below 15 mJ/cm2. The equation Equation IV-11 controlling the deposited thickness
demonstrated for other substrates and at higher fluence in Chapter IV is still valid on these pol-
ymer substrates. Due to the low fluences required, the obtained growth rates are low (typically
in the order of magnitude of 1 x 10-3 nm/pulse). The deposited material is transparent, with a
high index of refraction. Cracks appear on the deposited material above a certain deposited
thickness (about 50 nm on PMMA) which is attributed to thermal heating of the interface pol-
ymer/oxide as simulated in Chapter III-4-2-2. The deposited films are amorphous. It is in good
agreement with the crystallinity results obtained on other substrates in Chapitre IV-5-4-2 which
show that films deposited at a low substrate temperature and low fluence are amorphous. Addi-
tionnaly, about 9 % carbon contamination is measured in the bulk of the deposited films.
The possibility to deposit films that could be further on tested as Grätzel’s solar cell photo-an-
odes is looked at, studying the deposition on commercially available ITO coated PET. Again,
the fluence range which can be used for deposition is limited below 40 mJ/cm2. At these low
fluences, the deposited material is shown to contain some carbon contamination. 136
VII - Conclusions and future workChapter VII  Conclusions and future work
1  Conclusions
Light Induced Chemical Vapour Deposition of titanium dioxide from titanium tetra-isopropox-
ide in an oxygen containing atmosphere using a 308 nm XeCl excimer laser was demonstrated
in this work. This study enlarges the recently published data in literature for shorter wavelengths
(193 and 248 nm). 
1-1  Demonstrated advantages of the technique
With a simple home made LICVD system, several important promissive advantages of the dep-
osition technique could be evidenced: 
1. Precise control of the deposited thickness: an empirical equation describing the deposited
thickness as a function of the process parameters (substrate temperature, fluence, number of
pulses) was demonstrated. The low deposition rate per pulse (lower than 0.4 nm/pulse)
allows to control precisely the deposited thickness by varying the number of pulses. Addi-
tionnaly, the possibility to use high laser repetition rates (up to 20 Hz with our laser) enables
to obtain high growth rates (up to 300 nm/min), which is similar or even higher than the
growth rates reported in literature for the other CVD techniques.  
2. Control of the deposited crystalline phase: a mapping of the amorphous, anatase and rutile
crystalline phase domains on the process parameter space was performed, proving that it is
possible to deposit selectively one of the crystalline phase. This is of particular interest for
possible applications which require a given crystalline phase. 
3. Selective area deposition: the ability to deposit locally in the irradiated area was demon-
strated. A resolution of 10 micrometres is obtained, and the resolution was shown to be lim-
ited by the optical aberrations of the optical set up. 
4. Deposition at low temperature and on polymer substrates: with the restriction that only low
fluences can be used, the deposition on polymer substrates is demonstrated. The equation
describing the deposited thickness is shown to be still valid, even for these low fluences.
However, some limitations are evidenced due to thermal effects: (i) the deposited thickness
must be kept low to avoid cracks in the films, (ii) the deposited material is amorphous and
contains some carbon contamination. 
1-2  Fundamental aspects of the deposition process
1. The kinetic law of deposition which is found shows an influence of the TTIP concentration,
a linear dependence on the number of photons and an Arrhenius law variation with the sub-
strate temperature. This suggests a complex deposition reaction mechanism involving a
photolytic reaction and a thermally activated reaction by the substrate temperature. The
results of the theoretical simulations of the temperature rise induced by the laser irradiation
compared with the experimental results of deposition allow to exclude any thermal contri-
bution from the short high peak temperature rise to the deposition reaction. 
2. Contrary to the growth rate, the properties of the deposited material (crystallinity and mor-
phology) do not only depend on the total irradiation dose, but also on the fluence alone. The
temperature rise induced by the laser irradiation is directly correlated with the fluence, and
though the material properties are believed to be greatly influenced by this short tempera-
ture rise.  137
2  Future work
2-1  Further experiments to complete the data presented here
Some further experiments or measurements would be interesting to better understand the depo-
sition process. 
1. Influence of oxygen: a systematic study of the influence of the oxygen on the deposition
process would be interesting, to identify better the variation in the material properties that
could be obtained in the absence of oxygen.  
2. Cross section morphology of the deposited layers: some characterization of the cross sec-
tion morphology would be interesting for samples of different thicknesses obtained in dif-
ferent deposition conditions. Such analyses would provide valuable information on the
growth process, but also possibly evidence the laser induced thermal effects simulated in
the calculations. 
3. Set up of a better optical system: realizing deposition lowering the resolution limits of the
optical set up (particularly interesting would be below the thermal diffusion length of TiO2)
would allow to exclude definitely a contribution of the surface temperature rise in the depo-
sition process resolution. 
2-2  Possible applications?
Some future work should include tests of the deposits obtained by our methods for some con-
crete applications.
In particular, deposits realized on TCO coated polymers should be tested for Grätzel’s solar cell
application. 
3  Outlook
To enlarge the subject of this thesis work, several directions would be interesting: 
1. Testing the deposition system with other light sources (in particular, standard short pulse
excimer laser at 308 nm and excimer lamp at 308 nm). 
2. Varying the precursor chemistry, best with a compound exhibiting a higher absorption cross
section at 308 nm, to possibly increase even further the growth rate. 
3. Testing other material depositions: in particular, the possibility to realize multi-layer struc-
tures taking advantage of the thickness control possibility, or to dope the deposited material. 138
A - LICVD equipmentAppendix A  LICVD equipment 
1  Excimer laser
The laser used in this work (XeCl excimer laser) is a rare gas halide laser. 
This type of lasers [281] involves a mixture of a halogen gas (0.1%), a rare gas (1%) and a buffer
gas (usually Ne) for a total pressure in the cavity ranging from one to several bars. 
The radiation is produced by a transition from an excited electronic level to the ground electron-
ic level of the rare gas halogen exciplex (3 atom complex which does not exist in a non excited
state). 
These lasers are normally pumped by electrical discharges. The pulse length varies from stand-
ard 20 ns to special long pulses around 300 ns. The energy delivered is up to several J per pulse,
depending on the laser, and pulse repetition rates up to some kHz can be obtained. 
The main excimer lasers types are summarized in Table A-1: 
2  Gas handling
2-1  Pressure gauge
2-1-1  Baratron absolute capacitance manometers
The Baratron pressure gauge is an absolute pressure transducer based upon the principle of a
change in electrical capacity produced by a deformation of a membrane under pressure. This
type of gauges is not sensitive to changes in gas type. The pressure is determined by measuring
the change in capacitance between the diaphragm and an adjacent dual electrode. 
2-1-2  Ionic pressure gauge
An ionization gauge comprises a means of ionizing the gas and a means of correlating the ion
current to the collector with the pressure of the gas. Such a gauge is calibrated for a given gas.
It should not be polluted by contact with precursor compounds. 
2-2  Mass flows
2-2-1  Measurement principles
The mass flows used are 5850 E model from Brooks. They are based on the thermal mass flow
sensing technique: a precision power supply provides a constant power input I at the mid point
of a by pass sensor tube. When there is a gas flow, the upstream sensor is cooled (temperature
T1) and the downstream sensor is heated (temperature T2). The temperature difference is directly
proportional to the gas mass flow (and though to the volume flow). A bridge circuit interprets
this temperature difference and a signal proportional to it is generated. 
 Equation A-1
where the signal is given in Volts.
T2-T1 is the temperature difference (K)
cp is the specific heat of the gas at constant pressure (kJ/kg K)
I is the heater power (kJ/s)
Fm is the mass flow (kJ/s)
Laser ArCl ArF KrCl KrF XeBr XeCl XeF
(nm) 175 193 222 248 282 308 351
Table A-1 Main rare gas halide excimer lasers and corresponding wavelengths
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Fv is the volume flow (m3/s)
 is the gas density (kg/m3)
B is a proportionality constant (s2 K2/kJ2)
A is a proportionality constant (V/K)
Therefore, for any gas, we obtain that: 
Equation A-2
The control box gives as a result the percentage of the total range of the mass flow for the gas
for which it is calibrated. If the mass flow is calibrated for a gas 1 (cp,1, 1) and is used for a gas
2 (cp,2, 2), the real flow of the gas 2 is:
Equation A-3
The calibration factors  of some gases with respect to nitrogen is given
in Figure A-1-B.
The gas flow unit is normally sccm (standard cubic centimetres per minutes), which means the
number of molecules that would occupy a volume of 1 cubic centimetre under standard condi-
tions of temperature and pressure (0°C, 1 bar). 
2-3  Experimental calibrations
2-3-1  Calibration of the pressure gauges
The measurements of the pressure obtained in the chamber filling it with nitrogen with the two
different gauges is presented in Figure A-2. The two data are in agreement within 15% error. 
A) B)
Figure A-1 A) Schematic of a mass flow and B) Conversion factors for different gases with re-
spect to nitrogen.
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A - LICVD equipment2-3-2  Vacuum quality
The pumping efficiency is evaluated by imposing a known flow of nitrogen and measuring the
pressure. The measurement data are presented in Figure A-3-A. By extrapolating the obtained
curves, an experimental upper limit of the flow that can be imposed keeping the total pressure
at 10 mbar in the reactor is 760 sccm. 
The leak (fleak) of the chamber can be estimated by measuring the increase in partial pressure in
the system Pleak and comparing it with the increase in partial pressure Pf due to an imposed
flow f when the reactor is closed (with Equation A-4). The data are presented in Figure A-3-B
and Figure A-3-C. 
Equation A-4
Equation A-4 gives a leak of 1.5 sccm. 
3  Optical material 
3-1  Pyroelectric Joulemeter
A pyroelectric joulemeter enables to measure the energy of a pulsed laser radiation. It is based
on a temperature sensitive crystal which exhibits spontaneous electrical polarization when ex-
posed to the heat generated by the absorption of the laser radiation. The polarization is measured
as a voltage between electrodes attached to the crystal. This voltage is proportional to the laser
energy absorbed. 
Figure A-2 Calibration of the pressure gauges: pressure given by the Ionization gauge as a func-
tion of the pressure given by the Baratron gauge.
Figure A-3 A) Relation between flow imposed in the reactor and pressure obtained (pump effi-
ciency). B) Pressure increase as a function of time in the isolated reactor (system leak). C) Pres-
sure increase as function of time with an imposed flow (reactor closed).
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Usually, a durable highly absorbing black coating ensures a flat spectral response. This coating
must be resistant to ablation (up to some tens of mJ/cm2) and inherently fast to detect individual
pulse energies, even at high repetition rates. 
3-2  Laser attenuator 
The laser attenuator used is presented schematically in Figure A-4-A. A motor moves simulta-
neously a dielectric coated plate and a compensating plate. Depending on the incidence angle
of the beam on the dielectric plate, the amount of reflected light varies. The calibration curve of
the percentage of attenuation as a function of the rotation of the dielectric plate is presented in
Figure A-4-B.
4  CVD chamber
4-1  Substrate heating
The true temperature of the substrate was measured by IR thermography using an infrared cam-
era (Thermoflir 6200 + Thermo Tracer 6T62). This camera measures the radiation emitted in
the infrared by the material in the range of 8 to 13 m, thanks to a liquid nitrogen cooled
HgCdTe detector. 
4-1-1  Theoretical background 
Thermography makes use of the infrared radiation which is emitted by any body whose temper-
ature is higher than 0 K. Max Planck was able to describe the spectral distribution of the radia-
tion from a black body, and his law was adapted to any body by introducing an emissivity factor
E (Equation A-5):
Equation A-5
with W() = body emittance at wavelength(W/m2)
       E() = emissivity of the body (= 1 for a black body and dependent of  for a grey body)
        c = light velocity (3 x 108 m/s)
        h = Plank’s constant (6.6 x 10-34 J/s)
        k = Boltzmann’s constant (1.4 x 10-23 J/K)
        = wavelength (m)
       T = absolute temperature (K).
A) B)
Figure A-4 A) Schematic of the attenuator and B) Calibration curve of the attenuator
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A - LICVD equipmentBy integrating this equation in the approximation of a grey body, the Stefan-Boltzmann law
(Equation A-6) is derived: 
Equation A-6
where s is the Stefan-Boltzmann constant (= 5.7 x 108 W/cm2). 
With a detector that would detect emitted radiation of the body at all wavelengths, an output
proportional to the fourth power of the temperature would be obtained. However, no such de-
tector is available, and detectors normally work on a given range. A fit enables then to back cal-
culate the temperature from the data measured in the detection range: in the case of our camera,
a quadratic fit is internally used [282].
4-1-2  Experimental measurements
Measurements of the substrate temperature was carried out in the LICVD reactor with flows and
pressure conditions identical to standard deposition conditions (60 sccm N2 on the window, 43
sccm O2 in the precursor by-pass line, 10 mbar total pressure). A CaF2 window (4 mm thick)
was used as the reactor window. CaF2 is not fully transparent in the measured wavelength range
of the camera (see Figure A-5-A). A calibration was therefore carried out, measuring the tem-
perature of a black body in air with and without the window. This calibration is presented in
Figure A-5-B: it can be fitted by a quadratic curve, which was used to analyse the following
measurements. 
4-1-3  Glass substrate surface temperature
Two series of measurements were carried out to measure a glass substrate temperature, giving
very reproducible results. Figure A-6-A shows experimental measurements obtained from the
camera with corrected calculated scale: they prove that the temperature homogeneity on the
substrate is better than 3°C for all temperatures between 60 and 240°C. Figure A-6-B presents
the measured average surface temperature versus the thermocouple temperature (placed in the
substrate holder) for two different sets of measurements: the true surface temperature (°C) is
well fitted by a proportional law with respect to the thermocouple temperature (°C) (slope:
0.85). 
A) B)
Figure A-5 A) Transmission spectrum of CaF2 material and B) Calibration of the camera with
the CaF2 window.
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5  Reactor window 
Fused silica (quartz) windows are used for their very high transparency in the UV (92.4% at 308
nm as shown in Figure A-7-C). Condensation or partial decomposition of the precursor on the
A)
B)
Figure A-6 A) Infrared camera images of the glass substrate for different thermocouple temper-
atures Tc with corrected scale and B) Measured true surface temperature Ts versus thermocou-
ple temperature Tc. 144
A - LICVD equipmentwindow must be absolutely avoided as it dramatically alters this transparency. For example,
Figure A-7-A shows an optical microscope image of a window partially exposed to the standard
deposition atmosphere (43 sccm O2 as carrier gas flow, tpre= 30°C, Ptot=10 mbar) for 8 hours.
Figure A-7-B shows a profile of this window, showing that a layer of about 130 nm is deposited
on the window. Figure A-7-C shows that due to this layer, the transmission of the window falls
from 92.4% to 13.3% at 308 nm.
6  Gas phase data
6-1  Gas phase composition in standard deposition conditions
Calculating the TTIP flow from Equation II-11 in standard deposition conditions (Ppre= 0.27
mbar), fTTIP = 1.1 sccm is obtained. 
The leak flow is measured to be 1.5 sccm in Appendix A-2-3-2.
By linearity between each gas flow and partial pressure (and number of moles), composition of
the gas phase can be calculated (see results in Chapter II-1-3-3-3). A partial pressure of TTIP
PpTTIP of 0.1 mbar is obtained. 
6-2  Gas phase absorption
Nitrogen and oxygen are transparent gases at 308 nm. 
Nitrogen absorbs wavelength below 100 nm while O2 absorbs wavelength below 245 nm. 
Position of the main absorption bands of O2 are presented in Figure A-8. 
A) and B)
C)
Figure A-7 A) Optical microscope image of a quartz window exposed to the standard deposition
atmosphere for 8 hours (without nitrogen flow on the window), B) Profile of the edge of the re-
sulting deposit on the window and C) Transmission spectra of this window before and after ex-
posure to the precursor. 145
7  Estimation of the experiment costs
A rough estimation of the prices of the main components of the experimental set up is given in
Table A-2. 
The price of the laser is difficult to estimate, as it is a prototype. However, standard excimer
lasers cost around 200 000 CHF, while special long pulse with large area irradiation surface cost
around 2 000 000 CHF. As an indication of the experiment running costs, a new gas fill and a
passivation ensuring around 200 000 pulses costs around 200 CHF. 
Figure A-8 Position of the O2 absorption bands in the UV 
Reactor Price 
(CHF)
Gas flow 
system
Price
(CHF)
Optical set 
up
Price
(CHF)
Reactor 
chamber
250 Mass flows 
(x3) + 
Control box
2200 x 3
+
500
Lenses (x3) 
+ holders
700 x 3
500 x 3
Front part of 
the reactor
500 Bubbler 400 Attenuator + 
control box
10 000
End part of 
the reactor
500 Temperature 
controlled 
bath of pre-
cursor
1500 Mask holder 200
Reactor win-
dow
60 Baratron 
gauge +
control box
3000 Powermeter 1500
x-y mobile 
tables
300 (x 2) Ionization 
gauge + con-
trol box
2000
Substrate 
heating + 
PID control 
box + ther-
mocouple
60 + 500 Butterfly 
valve + con-
trol box
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A - LICVD equipmentReactor Price 
(CHF)
Gas flow 
system
Price
(CHF)
Optical set 
up
Price
(CHF)
Line heating 
cable + tem-
perature con-
trol
150 + 500
Nitrogen 
traps (x2)
+ Dewar
500 x 2
+
150
Primary 
pump
3000
Pressure 
valves (x 10)
60 (x 10)
TOTAL 
(CHF) 
2 500 25 000 16 250
Table A-2 Rough estimation of the system price (CHF) 147
Appendix B  Standard procedure of deposition
The standard procedure of deposition includes the following steps: 
1. The optical system (mask, imaging lens) are positioned correctly. 
2. Unless otherwise mentioned, the substrate is rinsed with isopropanol and sticked on the
substrate holder with carbon conductive tape. 
3. The fluence is measured at the back of the reactor with and without the quartz window to
check its transparency: this window is changed when the difference between the two energy
values exceeds 10% (measurement error). 
4. The reactor (which is purged with 300 sccm nitrogen flow on the window when opened) is
closed, and pumped for typically 4 to 8 hours. A base pressure of at least 0.3 mbar is
achieved before any experiment is started. 
5. The precursor bath, line heating cable and substrate heating are switched on and let to equil-
ibrate in temperature for one hour prior to the experiment. 
6. The window purge gas flow is fixed to the desired value.
7. The carrier gas flow is fixed to the desired value, directing the flow to the by-pass around
the precursor bubbler.
8. The butterfly valve control box is set to the desired pressure in the chamber. 
9. The valve protecting the ionic pressure gauge is closed, and the carrier gas flow is directed
to the bubbler. 
10.The gas flows are let to settle down for typically 20 minutes before any irradiation begins. 
11.The energy is measured after the mask just before starting the experiment, and the attenua-
tor is positioned such that the desired fluence is obtained on the substrate. 
12.The reactor is positioned with respect to the laser beam. The laser trigger is commanded by
the computer on which number of pulses and repetition rate are imposed. 
13.After irradiation on one point, the energy is again measured after the mask. The considered
fluence for this irradiation is the average between beginning and ending fluences. The reac-
tor is moved with respect to the laser beam and another irradiation can take place. 
14.At the end of the irradiations, the carrier gas is again directed to the precursor bubbler by-
pass and the window purge flow is set to its maximal value of 300 sccm. 
15.The precursor bath heating and the line heating are turned off. 
16.After 20 minutes, the carrier gas flow is stopped, and the substrate heating is turned off. 
17.The butterfly valve is closed, so the reactor fills with nitrogen gas. 
18.When the reactor pressure reaches 900 mbar, the reactor is opened. The substrate is taken
out and the next substrate is introduced. 
19.Unless otherwise mentioned, the freshly coated substrate is rinsed immediately with isopro-
panol. In case of visible unspecific deposition, it is also rinsed with diluted HCl. 148
C - Titanium tetra-isopropoxide precursor dataAppendix C  Titanium tetra-isopropoxide precursor data
1  Data sheet
Titanium tetra-isopropoxide (TTIP) is referred to in the Chemical Abstract System number as
CAS 546-68-9. It is a liquid at room temperature, almost transparent and highly sensitive to hu-
midity. 
The safety data indicate that it is an irritant (to eyes, respiratory system and skin) and that it is
flammable (R 10-36/37/38 and S16-26-36/37/39).
Molecular weight: MTTIP = 284.26 g/mol
Density: TTIP=0.955 g/cm3.
An estimation of the radius RTTIP of the TTIP molecule can be calculated, assuming it is a spher-
ical molecule: 
Equation C-1
where NA is the Avogadro number (NA= 6.022x1023 molecules/mol).
RTTIP = 0.49 nm is found. 
2  UV absorption spectra
2-1  Liquid phase absorption
Solutions of different concentrations of TTIP were prepared in isopropanol solvent under nitro-
gen glove box conditions. UV spectra of these different solutions were taken in a 1 cm long su-
prasil glass cell, with respect to an isopropanol full reference cell, in a Lambda 19 (Perkin
Elmer) photo-spectrometer. These spectra are presented in Figure C-1-A as well as the isopro-
panol spectrum to prove its transparency at 308 nm. 
A cross section of absorption of TTIP at 308 nm can be estimated from these data using
 the Beer Lambert law (Equation C-2) for diluted solutions: 
Equation C-2
where Ab is the absorption (defined by , with Io the incident light intensity and
I the transmitted light intensity through the cell).L is the absorption cross section (cm2/mol)
and c is the solution concentration (mol/cm3). 
A) B)
Figure C-1 A) UV absorption spectra of solutions of isopropanol with different concentrations
of TTIP and B) 308 nm measured absorption reported as a function of TTIP concentration.
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The experimental data show that Ab is linear with c as expected (see Figure C-1-B) and allows
to calculate L from the slope: L = (8.7 x 105 cm2/mol. 
This value is not in good agreement with similar measurements from Tokita et al. [128] in hex-
ane solvent who plot a value at 308 nm around 3 x 106 cm2/mol, but it corresponds to the value
published by Watanabe at al. [160] who plot a value at 308 nm around 7 x 105 cm2/mol. Both
literature data and our measurements suggest that a shorter wavelength would favour a higher
absorption of the light by the precursor (especially around 230 nm). 
2-2  Estimated gas phase absorption
Assuming that the absorption coefficient for dilute liquid phase is a good approximation of the
real absorption coefficient in the gas phase, the amount of light absorbed (% abs) by a certain
length l of gas atmosphere having a partial pressure PpTTIP of TTIP (see Appendix A-6) can be
calculated using the Beer Lambert law and replacing c (liquid phase concentration, mol/cm3) by
cG (gas phase concentration, mol/cm3, given by Equation C-3) with Equation C-4: 
Equation C-3
with PpTTIP (mbar), R: ideal gas constant (= 8.314 J/mol/K), TG: gas temperature (K). 
Equation C-4
The results of this calculation are presented in Figure II-17-B for standard deposition condi-
tions.
3  Volatility
Siefering et al. [88] measured the TTIP vapour pressure for tpre between 30°C and 95°C. The
results of their measurements are presented graphically in Figure C-2. 
Figure C-2 Literature measurements of TTIP vapour pressure [88] as a function of temperature.
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D - Characterization techniquesAppendix D  Characterization techniques
1  X-Ray diffraction method
1-1  Principles
A crystalline structure is characterized by the repetition in space of an elementary unit cell, and
this gives rise to the existence of parallel plane families defined by the Miller indices (hkl) ver-
ifying the equation: 
Equation D-1
The distance between two planes of the same family is dhkl. 
The possible diffraction peaks from the crystalline structure are obtained for an angle  corre-
sponding to the specific distance dhkl through Bragg’s law: 
Equation D-2
where k is an integer (k = 1 usually in XRD data measurements, higher order diffraction peaks
are rarely observed).
The intensity of the corresponding peak Ihkl is given by: 
Equation D-3
where j indicates an atom of the unit cell, N the number of atoms in the unit cell, fj the atomic
diffusion cross section coefficient of atom j (strongly related to the atomic number Z).
Not all plane families do exhibit a diffraction peak due to the existence of selection rules. 
1-2  Data for titania polymorphs
XRD data for the three crystalline phases of titania are summarized in Table D-1.
Table D-1 XRD diffraction peaks on the 2 scales of the different TiO2 polymorphs for
=1.54056 A 
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2  UV-Vis measurements data
2-1  Bulk materials measured by UV-vis spectroscopy in transmission and in reflectivity 
modes
The aim of this paragraph is to extract the absorption coefficient of the material ( in cm-1) and
the air/material reflection coefficient (R) from the measured transmission (Tmes) and measured
reflectivity (Rmes) close to normal incidence. As a matter of fact, the absorption and reflectivity
properties of the materials are both taken into account in both measurements, as shown sche-
matically in Figure II-20. 
If we consider a material of thickness d, the measured transmission is (taking into account only
the primary beam): 
 Equation D-4
The measured reflectivity is (neglecting rays which undergo multiple reflection in the material): 
Equation D-5
Combining these two equations introducing Tmes2 in Equation D-5, we obtain a 3rd degree poly-
nomial equation whose solution is R: 
Equation D-6
This polynomial has got 3 roots, among which only one is real: 
Figure D-1 Roots of the polynome given in Equation D-6
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D - Characterization techniquesKnowing R,  can be derived by: 
Equation D-7
2-2  Thin film measurements
The spectra (either in transmission or in reflectivity mode) of a thin transparent thin film (such
as TiO2 on a substrate) exhibits interference patterns due to the interference between the light
wave reflected at the film-atmosphere interface and the light wave reflected at the film-substrate
interface. 
For an incident wavelength, the two rays interfere constructively when their phase  is a mul-
tiple of 2p (and destructively when  is a multiple of (2p+1)). The phase is related to the op-
tical path difference  by: 
Equation D-8
The phase contains a term due to the geometrical path difference: 
Equation D-9
e being the film thickness.
According to the Snell-Descartes law of refraction: 
Equation D-10
The other term s in the expression of the phase (Equation D-8) is due to a phase shift by the
interface reflection. This shift is 0 when coming from a more refringent medium to a less refrin-
gent one and  when coming from a less refringent medium to a more refringent one, as
sketched in Figure D-2 [283]. 
This means that in case 1 where n2>n>n1 (for instance the case when measuring TiO2 deposited
on silicon), for a film of thickness e, the constructive interference occurs at a wavelength  such
that: 
Equation D-11
Figure D-2 Schematic reflections on a thin film on a substrate
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In case 2, where n2<n and n>n1 (for instance the case when measuring TiO2 deposited on glass),
for a film of thickness e, the constructive interference occurs at wavelength  such that: 
Equation D-12
The constructive interferences appear as maxima in the reflectivity spectrum (and though as
minima in the transmission spectrum) while the destructive interferences appear as minima in
the reflectivity spectrum (and though as maxima in the transmission spectrum). 
More complex models of fitting of the transmission spectra for thin absorbing film on transpar-
ent substrates have also been proposed in literature [284].
3  XPS
3-1  Principle
XPS uses soft x-rays irradiation of a surface to examine the core levels of the atoms present on
this surface. The core level energies measured are characteristic of an element, and sensitive to
its oxidation state and chemical environment. 
The surface is irradiated with a monochromatic radiation (energy E = h). Photons are absorbed
by atoms of the solid, leading to their ionisation and emission of a core photoelectron (inner
shell electron). 
XPS consists in measuring the kinetic energy distribution of the emitted photoelectrons. By con-
servation of the energy, this kinetic energy (KE) is linked to the binding energy of the electron
on the considered level (BE) by Equation D-13: 
. Equation D-13
where E is a constant (energy required to extract an electron). 
In case some charging takes place on an insulating surface, all the data are shifted by the same
value. 
The depth of the sample which is analysed za is determined by the mean free path of the photo-
electron (E) and the angle of measurement : 
Equation D-14
3-2  Chemical shift
Each element has a characteristic binding energy associated with each core atomic orbital. 
Therefore, its presence gives rise to a characteristic set of peaks (each peak corresponding to a
core level). 
The binding energy of a core atomic orbital is slightly shifted when the atom forms a bond: this
chemical shift, observed on the XPS spectra, enables to distinguish between different chemical
environments for the same element. 
The intensity of a peak is related to the concentration of the element. Thus, XPS provides a
quantitative analysis of the chemical composition of the analysed region of the sample. 
If we consider 2 elements 1 and 2, their peak intensities I1 and I2 are correlated with their con-
centration c1 and c2 by: 
Equation D-15
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D - Characterization techniqueswhere S1 and S2 are sensitivity factors of elements 1 and 2 (tabulated values, linked to the effec-
tive cross section of the ejection of an electron from the considered core level and to the spec-
trometer). 
3-3  Spin multiplets
The emission from some levels do not lead to a single peak but to multiplets. It arises when ion-
ization leaves a valence band with unpaired electrons and that the unpaired spin couples with
the orbital angular momentum (m). The relative intensity of the doublet is obtained by the ratio
of the final spins J: 
Equation D-16
For instance in the case of the 2p level of titanium (Ti 1s(2), 2s(2), 2p(6),3s(2), 3p(6), 2d(2)),
m=1, 2 peaks: 2p 3/2 and 2p 1/2 are obtained with an intensity ratio 2/1.
3-4  Auger peaks
After its photo-ionization, the atom undergoes relaxation: 
- either by emitting a photon (X-ray fluorescence)
- or by emitting an Auger electron (an electron falls from a higher level to fill the initial core
hole, and the energy liberated in this process is transferred to a second electron which is emitted
from an outer shell of the atom). 
Auger peaks are additional valuable information of the XPS spectra. 
4  Raman spectroscopy
4-1  Principle
Raman spectroscopy [285,286] consists in irradiating the sample to study, with an intense
source of monochromatic radiation (usually in the visible) and in measuring one part of the re-
emitted radiation of the sample. 
The scattered radiation by the sample consists in (see Figure D-3): 
- the Rayleigh scattering, which is the elastic collision between incident photons and molecules
(a molecule in the ground state absorbs a photon, gets to a virtual level, relaxes to the ground
state level by emitting a photon of the same energy). 
- the Raman effect, which is the inelastic collision between incident photons and molecules (the
molecule absorbs a photon, gets to a virtual level, re-emits a photon, changes its vibrational or
rotational energy). 
The virtual level is a quasi excited state (with 0 life time): it does not correspond to a real energy
level of the molecule. 
Figure D-3 Raman spectroscopy principle
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The Raman effect is divided into two: 
- the Stokes line: a molecule in the ground state is excited and relaxes to a higher excited state,
by emitting a photon, whose energy is smaller than the incident photon energy.
- the anti-Stokes line: a molecule already in an excited state absorbs a photon and relaxes to the
ground state, by emitting a photon whose energy is bigger than the incident photon energy. 
Due to the Maxwell Boltzmann initial distribution of molecules at equilibrium between the
ground state and any excited state, the Stokes lines are more intense than the anti-Stokes lines. 
The Raman effect is a weak effect (around 10-8 of the incident radiation). 
The Raman effect is a quantum-mechanical effect based on polarization change, and though, as
all vibrational spectroscopy, obeys selection rules. Generally, a transition is Raman active if its
polarizability changes with the vibrational motion. Raman is a complementary technique to IR
spectroscopy, due to the differences in selection rules (a transition is IR active when it is asso-
ciated with a dipole moment change). 
4-2  Measurement
An optical filter removes the Rayleigh scattering and a monochromator allows to measure the
spectrum of the scattered light. 
Different geometries of Raman spectroscopy exists:
- transmission mode
- back scattered mode (energy measured in reflection at 180°C). Such kind of set ups allows mi-
cro-Raman, the laser is focused by an objective on a small part of the sample (down to few mi-
crometres).
- oblique-incident mode: which allows a reduction of the scattering from the substrate when
looking at thin films (as little incident light reaches the substrate [208]). 
- wave-guided mode [229]: for instance in the case of titanium dioxide on pyrex. This mode en-
ables to increase the signal, and though to look at very thin films. 
Precautions must be taken with the incident radiation not to induce laser crystallisation or dam-
age of the observed sample material. Lottici et al. [213] for instance reports laser induced crys-
tallisation with an Ar+ laser with 750 mW on a 50 m diameter spot and similar crystallization
from anatase to rutile was reported by Friedrich et al. [225]. 
5  AFM
A schematic principle of the AFM is presented in Figure D-4. A very sensitive force sensor
measures the deflection of a cantilever. A tip is mounted on the cantilever such that, when the
cantilever moves, the light from a small laser moves across a four section photo-detector. The
Figure D-4 AFM principle156
D - Characterization techniquesamount of motion of the cantilever can then be calculated from the difference in light intensity
on the sectors. Hooke’s law gives the relationship between the cantilever’s motion x and the
force to generate the motion, F.
Equation D-17
Constant force mode is used in the measurements. 
F kx–=157
Appendix E  Experimental analyses
1  XRD analyses
The measurements presented here are discussed in Chapitre IV-2-2-2-1.
Figure E-1 Fit of the XRD peaks for anatase (101) and rutile (110) for different substrate tem-
peratures.
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E - Experimental analyses2  1931 CIE colour chart
Calculations of the coordinates are carried out as follows, using the reflectivity measurements
Rf() and the normalised tabulated values x0(), y0() and z0(), between 380 nm and 780 nm
with an increment of 5 nm.
Equation E-1
Equation E-2
Equation E-3
Tabulated values indicated (Figure E-2) are for a 10° observation angle are taken from [287]
.The final coordinates X and Y of the plot are then calculated by a normalization of the (x, y, z)
values: 
Equation E-4
Equation E-5
x Rf 	 
 x0 	 
 d
380
780
=
y Rf 	 
 y0 	 
 d
380
780
=
z Rf 	 
 z0 	 
 d
380
780
=
X xx y z+ +--------------------=
Y yx y z+ +--------------------=159
3  UV-vis measurements of bulk substrates
Bulk substrate optical properties were measured experimentally by UV-vis transmission and
UV-vis reflectivity. From the mathematical treatment of the data presented in Appendix D-2-1,
the reflectivity coefficient R and the absorption coefficient  are deduced from these data. 
All experimental spectra as well as R and  are presented in Figure E-3 for quartz, sapphire,
glass, silicon, PMMA, PC, PE, PP, PET and PI. (For silicon, the absorption data are measured
by ellipsometry). 
  
Figure E-2 Tabulated values of the CIE (1931) space colour system for 10° observation160
E - Experimental analysesFigure E-3 UV-vis measurements of bulk substrates: quartz, glass, sapphire, silicon, PMMA,
PC, PE, PP, PET, PI. 161
4  Ellipsometry
Optical constant determination by ellipsometry requires a fit of the experimental values with an
adequate optical model. The quality of the fit ensures the validity of the optical model applied.
A typical fit of the ellipsometric measurements carried out in this work is presented in Figure
E-4.  
Figure E-4 Typical fit of the ellipsometric measurements carried out. 162
F - Mathematical treatment of the dataAppendix F   Mathematical treatment of the data
1  General error on the presented graphics
The indicated errors on a measured value x include: 
- The resolution of the measurement apparatus when a single measurement is carried out.
- The standard deviation from the average value when several identical or similar experiments
are considered. 
The indicated error for a value y calculated from n values xi by the relation y = f(x1, x2, ... , xi) is
calculated knowing the uncertainties on the xi by: 
Equation F-1
This calculation of the error propagation gives a maximum value of the error and is more correct
than the often used Gaussian error propagation due to the small number of experimental points
which are normally considered in this work. 
2  Linear regression
To treat the data, several statistics were carried out, principally to calculate important parame-
ters of the experiments, using linear regressions of the data. The formulae given below enable
to extract from a set of n data of (xi, yi) (assuming y varies linearly with x), the slope (plus its
uncertainty) and the intercept (plus its uncertainty) according to: 
. Equation F-2
These equations are normally used for all statistics and incriminated in most calculation soft-
ware.
For the ith data point: the parameter input is xi and the measured response is yi. We calculate: 
Equation F-3
Equation F-4
Equation F-5
Equation F-6
Equation F-7
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Equation F-8
Equation F-9
The slope and the intercept of the linear regression of data yi versus data xi are given by: 
Equation F-10
Equation F-11
Errors on these two values can be calculated by Equation F-15 and Equation F-16: 
Equation F-12
Equation F-13
Equation F-14
Equation F-15
Equation F-16
3  Gaussian fits
Gaussian fits of peaks were realized, for instance to calculate peak areas. The general equation
taken for the gaussian peak is: 
Equation F-17
where y0 is the base line, xc the position of the peak centre, " its full width at half maximum and
A its area.
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F - Mathematical treatment of the data4  Standard deviation
The standard deviation of a value x around the average estimated from n different measurements
is: 
Equation F-18stdev
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Appendix G  Theoretical calculations
1  Estimation of the optical aperture of the optical set up
In our set-up, let us consider the image of a mask slit of width w with an imaging factor G by
the single lens of focal distance f  (see the configuration indicated in Figure G-1). 
The used diameter of the lens can be estimated by the size of the diffraction pattern peak which
contains most of the energy. In the lens plane, the diffracted intensity along the x axis is: 
Equation G-1
where
 Equation G-2
An example of the intensity calculated for a slit of w = 30 m with a distance a chosen such that
G = 0.21 is shown in Figure G-1-B. Limiting the calculations to the main diffraction peak in
which around 90% of the intensity is concentrated, the used diameter of the lens is around 2.2
cm. 
2  Optical simulations for the resolution
The calculations are based on a combination of ray-tracing and weighing of the different ray im-
portances according to the diffraction law at infinity. 
The geometry of the modelled system is presented in Figure G-2. A slit of width w is imaged by
a lens on the substrate plane (all the elements are positioned such that a correct focus is
achieved). Additionally, the reactor window (quartz) is placed between the lens and the sub-
strate . 
A) B)
Figure G-1 A) Diffraction by a slit and B) Calculation of the light intensity diffracted by a slit
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G - Theoretical calculationsThe steps of the calculations are presented in Figure G-3:
- the slit is assumed to be irradiated with an entirely coherent and collimated beam. This beam
is diffracted by the slit. The diffracted beam is modelled by a large number of angularly regu-
larly spaced rays (see Figure G-3-A). Each of these rays is given the intensity of the diffraction
profile at infinity corresponding to its angular position. All the rays are assumed to have the
same phase in the slit plane. 
- some ray tracing is carried out with each of the considered rays, which is given a position
(x(z)), a direction ($(z)), and a phase ((z)) (see Figure G-3-B). 
- the rays travel through the different media (atmosphere, fused silica lens, fused silica window)
and are refracted at the different interfaces (see Figure G-3-C). The true interfaces of the used
imaging lens used are taken in this calculation (Melles Griot, f = 18.9 cm, plano-convex, 01 LPQ
023, see Figure G-2-B). The lens aberrations (especially the spherical aberrations) are therefore
taken into account.
- the distribution of the rays in a plane zs placed after all the considered interfaces can be ob-
tained from the former steps (see Figure G-3-D). For each ray, its intensity, its phase, its direc-
tion and its position in this plane are known.
- from these informations, each ray is converted to a spherical Huygens wavelet (Figure G-3-E).
- all these spherical Huygens wavelets are summed coherently to obtain the intensity distribu-
tion profile in the substrate plane (see Figure G-3 F).
The obtained intensity profile calculated in the substrate plane therefore takes into account: 
- diffraction effects on the slit
- spherical aberrations of the lens
- true positions of the optical elements. 
The main difference from reality comes from assuming a non diverging and entirely coherent
light source.   
A)                                                                                                      B)
Figure G-2 A) Geometry of the simulated optical system and B) Dimension of the used lens
Lens
Slit
2 Nax
Substrate
Spherical interface Plane interface
Reactor
window
Plane interfaces
z
y
x
w
a b
A1 A2
H
F F'
Lens diameter: 5 cm
3 mm
6.5 mm167
3  Temperature increased due to laser irradiation
3-1  Description of the numerical algorithm used for the calculation
3-1-1  Incident energy during a time step j
The calculation during the time step j (which corresponds to the time interval
 with  is carried out as described below. 
The incident light energy per surface area I0(j) during the time interval j is calculated from the
the temporal pulse shape, P(t), and the total fluence per pulse, F, as: 
 Equation G-3
Figure G-3 Different steps explaining the optical simulation realized to calculate the intensity
profile in the substrate plane when imaging a mask slit.
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G - Theoretical calculationsThe pulse shape function P(t) describes the pulse shape for 0 t  and equals 0 afterwards. A
linear interpolation between the entered points is carried out to generate P(t) during the pulse
and the fluence per pulse F is an input value of the program. 
In the case of a simple rectangular pulse profile, this incident intensity is constant with time and
simply: 
Equation G-4
Let us describe the most complicated case when a film is considered on a substrate (for a bulk
material, the calculation is similar, and its description is equivalent to the calculation in the sub-
strate, see Appendix G-3-1-3).
3-1-2   Calculation in the film
The entering intensity in the film I1 (see Figure III-1) is: 
Equation G-5
where Rfa is the reflection coefficient at the film/atmosphere interface and f the film absorption
coefficient. 
The reflection coefficient at the interface between two media l and m can be obtained from the
real part n and the imaginary part k of the index of refraction as:
  Equation G-6
The incoming intensity I1 is partially reflected into the film (component I2) and partially trans-
mitted to the substrate (component I3), see also Figure III-1. 
The reflected intensity in the film is: 
Equation G-7
where zfs is the film thickness and Rfs the reflectivity coefficient at the film substrate interface. 
The total intensity in the film If is given by the coherent sum of the two terms I1 and I2 (all further
light reflections in the films being neglected). 
If therefore contains an interference term, which is modulated by an exponential term due to the
light coherence length: 
Equation G-8
where 2nf(zfs-z) is the optical path difference between the two rays, and dco the coherence length
of the light source as defined by the 1/e decay of the interference contrast [288]. 
Such an intensity profile is shown in Figure G-4-A. Figure G-4-B presents schematically how
the absorption is calculated in the film. 
The light absorption during the time step j in the layer i must be estimated. The layer i is divided
into Ni layers of thickness dz such that at least 100 points are taken on a period TZfs of the cosine
oscillation (interference term of Equation G-8). 
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The period of the oscillation is given by:
, Equation G-9
this results in nm for a TiO2 film and 308 nm irradiation. Ni and dz are then calculated
as: 
Equation G-10
where E is the entire part function. 
In each of the Ni small sub-layers, indexed k, an average intensity Im(i, k, j) is approximated
from the intensity If (Equation G-8) in the middle of the layer: 
 Equation G-11
The amount of energy, absorbed at a given position, is proportional to the quantity of photons
present at this position. For a thin layer, within which the intensity (number of photons) is con-
sidered to be constant, the Beer-Lambert law [56] gives a kind of “probability” of absorption,
. 
Thus, the amount of the intensity Im(i, k, j), which is absorbed in the sub-layer k is approximated
by dIm(i, k, j): 
Equation G-12
which is equivalent to considering the amount of light absorbed over a thickness dz with an in-
cident intensity Im(i, k, j). 
A) B)
Figure G-4 A) Schematic of the different intensity profiles in the film and in the substrate and B)
Schematic principle of the calculation of the light absorption in the film.
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G - Theoretical calculationsThe total intensity absorbed in the layer i during the time step j is then: 
Equation G-13
Assuming this absorbed energy is immediately converted to heat, the incoming heat in the layer
i during the time step j is: 
Equation G-14
The heat exchanged between the layers i-1, i and i+1 during the same time step t due to the
temperature gradient with the neighbouring layers is (according to Fourier’s law): 
Equation G-15
The temperature variation in the layer during the time step t is given by:
Equation G-16
therefore: 
Equation G-17
3-1-3  Calculation in the substrate
The incident intensity on the substrate when it is covered by a film is: 
 Equation G-18
The intensity profile in the substrate is, according to Beer-Lambert law: 
Equation G-19
Therefore, the energy deposited in layer i during t is during the pulse:
Equation G-20
The energy which leaves the layer i during the same time interval j and the new layer tempera-
tures are calculated with Equation G-16 and Equation G-17.
If we consider a bulk material, the calculation is the same, replacing If(j, zfs) by Io(j) in Equation
G-18 and (z-zfs) by z in Equation G-19. 
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3-2  Mathematical definitions used in the calculation
The error functions used in Equation III-1 and Equation III-2 are defined as: 
Equation G-21
Equation G-22
3-3  Material property coefficients considered in the calculations
Unless otherwise mentioned, the material property data are taken from Table G-1, and in the-
case of TiO2, fused silica, silicon and PI, variation of D values and cp values with temperatures
are taken into account, using the data presented in Appendix G-3-3-2. 
3-3-1  Constant values with temperature
3-3-2  Variation of thermal conductivity data with temperature
Data for titanium dioxide [289], fused silica [289], silicon [16] and PI [103] are plotted in Figure
G-5. 
In the program, linear regression is carried out to estimate values between points and for tem-
perature out of the given range of variation, border values of the parameters are considered.
A) B)
Table G-1 Constant parameters for the different materials: A) For non thermo-fragile materials:
for titania, from [103], for glass: data from [103], for quartz: data from [289] and [103], for Si:
data from [103], B) For polymer substrates: data from [103]. Tc stands for “critical” tempera-
ture, which is the temperature at which the polymer starts to degrade. (In all cases, optical data
n and  are taken from the optical measurements presented in Appendix E). 
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G - Theoretical calculations3-3-3  Discussion about the data taken into account in the calculation
Large discreapancies can be observed on the values of the optical and thermal parameters of the
materials, which are reported in literature. 
Therefore, the values taken into account in these calculations may not correspond completely to
the properties of the experimentally considered materials. 
For instance, some higher absorption coefficients are also reported in literature for titania ab-
sorption at 308 nm ( = 6.9 x 105 cm-1 [290]). The value  = 4 x 104 cm-1, which was used in
this thesis, originates from measurements carried out during a semester project on deposited
samples of 200 nm thickness. 
D and cp variation with temperature for glass substrates were also considered as constant in the
study, but variations with temperature of the thermal constants are reported in [279]. 
3-4  True pulse shape
The true pulse shape of our laser was measured with a fast photo-diode (see Chapter II-1-1-1). 
A)
B)
C)
D)
Figure G-5 Variations of the thermal constants with temperature for A) Titanium dioxide, B)
Fused silica, C) Silicon and D) PI173
For the calculation, some points were taken on the measured profile to generate the temporal
profile function P(t) and linear extrapolation was carried out between those points. Figure G-6
shows the temporal profile function and compares it with a 200 ns rectangular profile. 
Unless otherwise mentioned, the true laser pulse shape is considered in the calculations.
3-5  Validation of the numerical calculation with comparison to analytical calculation
The assumptions required for the analytical solution are taken: a bulk irradiated material is con-
sidered, it is irradiated with a rectangular laser pulse temporal profile and all the material prop-
erties (D, +, , cp, , R) are considered as constant. 
The comparisons are carried out for a titania, a glass and a silicon substrate with a long pulse
laser (200 ns) for 4 different fluences: the temporal surface temperature given by the analytical
solution is compared with the temperature at the middle of the first layer in the numerical cal-
culation and depth temperature profiles are compared in both cases. 
The material properties values as well as parameters taken for the numerical simulations are giv-
en in Table G-2. 
For finite absorption, only the heating phase is available as analytical expression (Equation III-
1): the glass substrate (see Figure G-7-A) and titania substrate (see Figure G-7-B) are given as
examples. 
For the approximation of an infinite absorption (all the intensity is absorbed at the surface),
heating and cooling are analytically described in literature (Equation III-1 and Equation III-2):
this approximation is for example valid for Si (see Figure G-7-C).
Perfect agreement is found between the analytical and the numerical calculations, in all three
cases, both for temporal surface temperature profiles and depth temperature profile. 
Figure G-6 True pulse shape compared with a rectangular pulse shape of 200 ns (the two pulses
have the same total energy).

(g/cm3)
z (m) Nz t (ns) Nt To (K)
Glass 2.51 0.0102 100000 0.1 5000 0
Titania 4.26 0.001789 2800 0.001 500000 0
Silicon 2.32 0.01304 1300 0.001 500000 0
Table G-2 Values used to compare the numerical calculation with the analytical solution for
glass, titania and silicon (results presented in Figure G-7)174
G - Theoretical calculations3-6  Numerical parameters taken in the different calculations presented here.
3-6-1  Influence of the variation of thermal parameters.
In this calculation, the variation of D and cp with temperature is considered for titania, taking
values from [289] and considering a 200 ns rectangular pulse temporal profile.
  .
A)
B)
C)
Figure G-7 Comparison between analytical and numerical calculation (numerical calculation:
round points, analytical calculation: dashed lines). Left column: temperature increase at the
surface and Right column: depth temperature profile at the end of the pulse. For A) Glass sub-
strate, B) Titanium dioxide substrate and C) Silicon substrate. 
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3-6-2  Influence of the implementation of the true pulse shape
The influence of the true laser pulse shape is shown for titania comparing the temperature pro-
files obtained with the true pulse and with a 200 ns rectangular pulse. 
3-6-3  Influence of the film-substrate reflection and influence of coherence
3-6-4  Irradiation of a bulk substrate   
D
(cm2/s)
cp
(J/g/K)
z 
(m)
Nz t (ns) Nt F 
(mJ/cm2)
To (K)
Titania at 
413.15 K
0.02236
4
0.78884 0.005
5
2200 0.001 12000
00
200 413.15
Table G-3 Values used to show the influence of the variation of the thermal constant D and cp
with temperature. 
z (m) Nz t (ns) Nt F (mJ/cm2) To (K)
Titania 0.0025 3000 0.001 1200000 200 413.15
Table G-4 Values used to show the influence of the true pulse shape
z (m) Nz t (ns) Nt F (mJ/
cm2)
To (K)
Si 0.004 4000 0.0001 5000000 200 413.15
Glass 0.0025 1200 0.001 500000 200 413.15
Table G-5 Values used to show the influence of the reflection and light coherence with a 30 nm
TiO2 film 
z (m) Nz t (ns) Nt To (K)
Glass 0.002 700 0.001 500000 413.15
Titania 0.0025 2000 0.001 500000 413.15
Silicon 0.015 1600 0.001 700000 413.15
Fused glass 0.0102 100000 0.01 700000 413.15
Table G-6 Values used to calculate the temperature rise for different bulk substrates176
G - Theoretical calculationsA)
B)
C)
D)
Figure G-8 Temporal temperature profiles at the surface and depth profiles at the maximum tem-
perature for different bulk substrates at different fluences F A) Fused Silica, B) Glass C) Silicon
and D) Titania
0 100 200 300 400 500 600
413.15000
413.15005
413.15010
413.15015
413.15020
To
S
ur
fa
ce
 te
m
pe
ra
tu
re
 (K
)
Time (ns)
Fused silica, F= 400 mJ/cm2
0 100 200 300 400 500 600 700 800 900 1000
413.15000
413.15005
413.15010
413.15015
413.15020
To
M
ax
im
um
 te
m
pe
ra
tu
re
 (K
)
Depth (m)
Fused silica, F=400 mJ/cm2
0 100 200 300 400 500
413.14
413.16
413.18
413.20
413.22
413.24
413.26
413.28
413.30
413.32
413.34
Glass
To
Su
rfa
ce
 te
m
pe
ra
tu
re
 (K
)
Time (ns)
 F=100 mJ/cm2
 F=200 mJ/cm2
 F=300 mJ/cm2
 F=400 mJ/cm2
0 1 2 3
413.14
413.16
413.18
413.20
413.22
413.24
413.26
413.28
413.30
413.32
413.34
Glass
To
M
ax
im
um
 te
m
pe
ra
tu
re
 (K
)
Depth (m)
 F=100 mJ/cm2
 F=200 mJ/cm2
 F=300 mJ/cm2
 F=400 mJ/cm2
0 100 200 300 400 500 600 700
400
450
500
550
600
650
700
Si 
S
ur
fa
ce
 te
m
pe
ra
tu
re
 (
K)
T ime (ns)
 F=400 mJ/cm2
 F=300 mJ/cm2
 F=200 mJ/cm2
 F=100 mJ/cm2
0 1 2 3 4 5 6 7 8 9 10
400
450
500
550
600
650
700
To
Si 
M
ax
im
um
 te
m
pe
ra
tu
re
 (K
)
Depth (m)
 F=400 mJ/cm2
 F=300 mJ/cm2
 F=200 mJ/cm2
 F=100 mJ/cm2
0 100 200 30 0 4 00 500
400
600
800
1000
1200
1400
To
Titania 
S
ur
fa
ce
 te
m
pe
ra
tu
re
 (K
)
T ime (ns)
 F=400 mJ/cm2
 F=300 mJ/cm2
 F=200 mJ/cm2
 F=100 mJ/cm2
0 500 1000 1500 2000 2500
400
600
800
1000
1200
1400
To
Titania 
M
ax
im
um
 te
m
pe
ra
tu
re
 (
K
)
Depth (nm)
 F=400 mJ/cm2
 F=300 mJ/cm2
 F=200 mJ/cm2
 F=100 mJ/cm2177
3-6-5  Irradiation of a TiO2 film on a substrate 
z (m) Nz t (ns) Nt F (mJ/cm2) To (K)
Fused silica 0.0025 1000 0.001 500000 200 413.15
Glass 0.0025 1000 0.001 500000 200 413.15
Silicon 0.004 4000 0.0001 5000000 200 413.15
Table G-7 Values used to calculate the temperature rise for a TiO2 film on different substrates
A)
B)
C)
Figure G-9 Temporal temperature profile at the surface and depth profiles at maximum temper-
ature for TiO2 films on different substrates and for different film thicknesses e A) Fused Silica,
B) Glass, C) Silicon 
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G - Theoretical calculations3-6-6  Irradiation of bulk polymer substrates
z (m) Nz t (ns) Nt To (K)
PMMA 0.04 70000 0.001 700000 333.15
PC 0.02 40000 0.1 7000 333.15
PE 0.02 30000 0.001 700000 333.15
PET 0.02 10000 0.001 70000 333.15
PI 0.005 2500 0.001 500000 333.15
Table G-8 Values used to calculate the temperature rise for different polymer substrates
A)
B)
C)
Figure G-10 Temporal temperature profiles at the surface and depth profiles at maximum tem-
perature for TiO2 films on different substrates A) PMMA, B) PC, C) PE, D) PET and E) PI. 
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3-6-7  Irradiation of a TiO2 film on a polymer substrate 
D)
E)
z (m) Nz t (ns) Nt To (K)
PC 0.0025 500 0.001 500000 333.15
PMMA 0.0015 2000 0.0002 2500000 333.15
Table G-9 Values used to calculate the temperature rise for a TiO2  film on PC and PMMA pol-
ymer substrates
Figure G-10 Temporal temperature profiles at the surface and depth profiles at maximum tem-
perature for TiO2 films on different substrates A) PMMA, B) PC, C) PE, D) PET and E) PI. 
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G - Theoretical calculationsA)
B)
C)
D)
Figure G-11 Temperature rise as a function of fluence and TiO2 film thickness, A) PMMA sub-
strate, 15 nm TiO2 B) PMMA substrate, F=10 mJ/cm2, C) PC substrate, 15 nm TiO2 and D) PC
substrate, F=20 mJ/cm2
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3-6-8  Variation of the pulse duration 
3-6-9  Influence of the repetition rate 
4  Growth rate analysis
4-1  Flow of incident photons in given irradiation conditions
The energy e of a photon at the wavelength  is: 
Equation G-23
where h is the Planck constant (h = 6.62 x 10-34 J/s) and c the light speed (c = 2.998 x 108 m/s). 
In our case, = 308 nm, e= 6.45 x 10-19 J (= 4.0 eV). 
z (m) Nz t (ns) Nt F (mJ/
cm2)
T0 (K)
TiO2 0.003 1000 0.001 500000 200 413.15
Table G-10 Values used to demonstrate the influence of different pulse durations
A) B)
Figure G-12 Influence of different pulse durations on TiO2 bulk substrate A) Temporal profile
and B) Depth profile
z (m) Nz t (ns) Nt F (mJ/
cm2)
T0 (K)
TiO2 bulk 0.01 700 0.01 500000 200 413.15
on glass 0.01 700 0.01 500000 200 413.15
on Si 0.025 1200 0.005 1000000 200 413.15
on PMMA 0.025 1000 0.02 5000000 10 333.15
on PC 0.025 1000 0.02 5000000 10 333.15
Table G-11 Numerical values used to calculate the cooling after 1 pulse
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G - Theoretical calculationsWhen irradiating with a fluence F (J/cm2/pulse) the flow of incident photons is J (photons/cm2/
pulse) is: 
Equation G-24
where opt is the loss of fluence due to the lens, reactor window and gas phase absorptions (see
Equation II-4) 
4-2  Flow of incoming precursor in the reactor.
In standard deposition conditions (tpre = 30°C, fcar = 43 sccm, Ptot=10 mbar) the total incoming
flow in the reactor (calculated from the partial pressure law Ppre= 0.27 mbar) is 0.230 sccm.
This is equivalent to 3.353 x 1020 molecules/s as the gas is brought in at TL = 60°C.
If we assume an homogeneous flow over the whole 8 cm diameter reactor, we can estimate a
flow of precursor of: Jpre= 3.32 x 1019 molecules/cm2/s. 
4-3  Probability of absorption of a photon by a TTIP molecule
Assuming the cross section of absorption measured for TTIP in the liquid phase (Equation C-2)
is a good approximation of the light absorption of the adsorbed molecule on the substrate, the
transmitted intensity I from an incident intensity Io can be expressed as: 
Equation G-25
where dpre is the density of molecules (molecules/cm2). 
The effective light absorption cross section of the molecule is then: 
 Equation G-26
Assuming a diameter of 9.8 A of the TTIP molecule adsorbed on the substrate (see calculation
in Appendix C-1), the geometrical cross section is g = dpre-1=7.56 x 10-15 cm2/molecule. The
probability that a molecule absorbs a photon is then: 
Equation G-27
which means that in average, 3450 ± 1900 photons are statistically necessary for a molecule to
absorb one photon. 
4-4  Analysis of the deposition rate
If we assume a TiO2 density of 4.1, the molar mass of a TiO2 unit (M = 79.86 g/moles), we ob-
tain that their are 3.1 x 1022 molecular units/cm3 of film and that a purely theoretical monolayer
of cubic molecular units would have a thickness of 0.318 nm. 
This enables to determine the number of TTIP molecules which are required to deposit a 1 nm
film of TiO2 over 1 cm2 (as 1 TTIP molecule leads to 1 TiO2 unit): 
NTTIP = 3.09 x 1015 molecules TTIP/cm2/ deposited nm.
Knowing the experimentally determined equation which describes the grow rate, the number of
decomposed TTIP molecules obtained during a pulse irradiating at a fluence F with a substrate
temperature T is: 
Equation G-28
J

F opt
e

------------------=
I
Io
--- L 10 dpreln– 	exp=


L 10 	ln 3.1 1.7
 10
18– cm
2
molecule---------------------= =
Pabs


g
----- 4.1 2.3
 10 4–= =
Ndec NTTIP ro F
Ea
RT-------– 
 exp=183
with Ndec (molecule/s/cm2), NTTIP (molecule/cm2/nm), r0 (nm/s*cm2/mJ), F (mJ/cm2/pulse), Ea
(J/mole), R (J/mole/K) and T (K). 
Using Equation G-24, the ratio of the number of impinging photons reported to the number of
decomposed TTIP molecules is:
Equation G-29
This ratio was calculated as a function of temperature for average parameters (opt = 0.725, r0 =
0.12 nm/pulse, NTTIP calculated from = 4.1 g/cm3, Ea = 21300 J/mole) and error bars were es-
timated taking extreme values for these parameters (opt = 0.7 and 0.82, r0 = 0.05 and 0.2 nm/
pulse, NTTIP calculated from = 3.2 and 4.3 g/cm3, Ea = 20000 and 23000 J/mole). The results
are presented in Figure IV-42. 
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H - Experimental detailsAppendix H  Experimental details
1  Substrates used
1-1   Glass substrates
Standard microscope slides were used as glass substrates (Menzel microscope slides, (26 x 76
x 1 mm3) from Semadoni.
Typical composition of these slides is: 
Silicon dioxide (SiO2): 72.2%
Sodium oxide (Na2O): 14.30%
Calcium oxide (CaO): 6.40%
Magnesium oxide (MgO): 4.30%
Potassium oxide (K2O): 1.20% 
Aluminium oxide (Al2O3): 1.20%
Sulfur trioxide (SO3): 0.30%
Ferric oxide (Fe2O3): 0.03%
1-2   Silicon wafers
Silicon wafers were purchased from the Centre de Microtechnique (EPFL) (specification: 150/
P/SS/15-25). They consist of p-type Si doped with boron, monocrystalline (100), having a thick-
ness of 675 microns. 
1-3  Fused silica (quartz)
Quartz glass discs (Silux 4, polished, thickness 2 mm) were purchased from Sico Technology
GMBH (Germany).
1-4  Polymers
Polyethylene terephthalate (PET), polyethylene (PE) and polypropylene (PP) films were pur-
chased from Goodfellow (England): 
- PET films (amorphous, density 1.3-1.4 g/cm3, 175 m thick, biaxially oriented, Tc=110-
175°C) 
- PE films (50% semi crystalline, density 0.94 g/cm3, 200 m thick, Tc=55-95°C).
- PP films (70-80% semi crystalline, density 0.9 g/cm3, 270 m thick, Tc=90-120°C)
Kapton (Dupont de Nemours, type 500 HN) was used as polyimide (PI).
1-5  Substrates with transparent conductive oxides
F doped SnO2 coated glass (TEC 15, 15 ohm.cm) was delivered by the Laboratoire de Photo-
nique et Interfaces, Département de Chimie, EPFL.
ITO (Indium Tin Oxide) coated PET (175 m thick, 60 ohm/cm) was furnished by Solaronix
S.A. 185
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